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Executive  Summary 


This  project  was  initiated  to  investigate  whether  in  situ  coupled  abiotic/biotic  degradation  of 
N-nitrosodimethylamine  (NDMA,  an  emerging  contaminant)  could  be  used  as  a  permeable 
reactive  barrier  for  remediation  at  the  Aerojet,  California  site,  where  groundwater  contains  up  to 
36-ppb  NDMA.  The  sediment  mainly  used  in  experiments  is  from  the  Aerojet  groundwater 
aquifer  (260-ft  depth),  with  additional  sediments  from  other  groundwater  aquifers  (i.e.,  not 
shallow  soils,  Ft.  Lewis,  Washington,  60-ft  depth,  Puchack,  New  Jersey,  273-ft  depth).  Different 
in  situ  remediation  processes  were  compared  in  this  study:  a)  biostimulation  (oxic,  anaerobic, 
iron-reducing,  sulfate-reducing),  b)  abiotic  iron-reducing  environment  (by  dithionite  reduction  of 
sediment  or  zero  valent  iron  addition),  c)  coupled  abiotic/biotic  remediation  (iron-reducing 
environment),  and  d)  sequential  iron-reducing,  then  oxic,  biostimulation.  The  overall  goal  was 
to  understand  and  optimize  the  combined  effects  of  abiotic  and  biotic  processes  to  degrade 
NDMA  to  nontoxic  products.  Iron-reducing  conditions  were  created  by  chemical  reduction  of  a 
sediment  using  sodium  dithionite,  and  in  a  few  cases,  a  natural  reduced  aquifer  sediment  or 
sediment  with  zero  valent  iron  addition. 

When  subsurface  sediments  are  chemically  or  naturally  reduced,  abiotic  surface  phase(s)  rapidly 
degraded  NDMA  (8-hour  half-life  for  high  reduction,  slower  for  low  reduction)  to  nontoxic 
dimethylamine  (DMA).  Experiments  showed  up  to  80%  conversion  of  NDMA  to  DMA,  with 
further  degradation  to  nitrate  (up  to  40%  molar  conversion),  formate  (trace  concentration)  and 
carbon  dioxide  (up  to  82%  molar  conversion).  Methylamine  and  formaldehyde  (likely  inter¬ 
mediates)  were  not  detected.  Experiments  with  100  and  10  ng/L  NDMA  starting  concentration 
had  a  rapid  degradation  half-life  (4.7  hours),  and  NDMA  was  degraded  to  <3  ng/L  (detection 
limit).  Although  degradation  to  DMA  is  sufficient  for  remediation  (DMA  is  not  toxic  at 
<5  mg/L),  because  NDMA  mass  was  degraded  further  to  more  toxic  intermediates,  NDMA 
mineralization  (i.e.,  to  CO2)  was  considered  the  lowest  risk  product,  and  was  the  main  focus  of 
this  study.  NDMA  degradation  was  most  rapid  with  high  sediment  reduction.  These  sediments 
had  a  higher  mass  of  ferrous  surface  phases  (ferrous  oxides,  carbonates,  sulfides,  adsorbed 
ferrous  iron,  green  rust)  and  a  more  alkaline  pH  (pH  increased  from  9.1  to  10.5).  The  NDMA 
reactivity  of  these  different  iron  phases  showed  that  adsorbed  ferrous  iron  was  the  dominant 
reactive  phase  that  promoted  NDMA  reduction.  Alkaline  hydrolysis  by  itself  (no  sediment, 
pH  1 1)  did  not  degrade  NDMA,  nor  did  alkaline  hydrolysis  with  anaerobic  sediment  (a  potential 
catalyst).  Iron  sulfides,  while  present  in  the  reduced  sediment,  did  not  change  the  NDMA 
degradation  rate.  Iron(II)  carbonate  (siderite)  also  showed  little  reactivity  with  NDMA,  as  its 
removal  did  not  influence  NDMA  degradation.  Although  magnetite  itself  (with  no  sediment)  did 
not  promote  NDMA  degradation,  magnetite  removal  from  the  reduced  sediment  decreased  the 
NDMA  degradation  rate  to  some  extent  (3  times).  This  effect  was  caused  by  adsorbed  ferrous 
iron  on  the  magnetite.  Removal  of  adsorbed  Fe(II)  substantially  decreased  NDMA  degradation 
(15  times).  Removal  of  amorphous  and/or  crystalline  Fe(II/III)  surface  phases  also  greatly 
decreased  reactivity  with  NDMA,  also  due  to  adsorbed  ferrous  iron.  Ferrous  iron  itself 
(aqueous)  did  not  promote  NDMA  degradation;  an  iron  oxide  or  2:1  clay  was  needed  for  electron 
transfer. 

NDMA  degradation  to  DMA  under  iron-reducing  conditions  is  an  abiotic  process,  as  the 
presence  of  a  bactericide  did  not  alter  the  observed  rate.  In  contrast,  NDMA  mineralization  in 
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oxic  sediment  is  predominantly  a  biotic  process,  as  the  NDMA  was  being  degraded  by  a 
co-metabolic  monooxygenase  enzyme  process.  Under  iron-reducing  conditions,  NDMA  was 
also  mineralized,  but  apparently  predominantly  by  abiotic  processes.  These  are  the  first  reported 
experiments  of  abiotic  NDMA  mineralization.  Both  the  Aerojet  dithionite-reduced  aquifer 
sediment  and  the  Puchack  natural  reduced  aquifer  sediment  showed  NDMA  mineralization  (16% 
to  23%)  with  a  bactericide  present.  The  NDMA  mineralization  rate  and  extent  in  oxic  systems 
was  oxygen  dependent,  which  was  indicative  of  the  microbial  monooxygenase  enzyme  pathway 
promoting  mineralization.  Propane  addition  with  prestimulation  in  oxic  sediments  did  promote 
more  rapid  NDMA  mineralization  (i.e.,  propane  monooxygenase  enzymes  mineralizing  NDMA), 
but  methane  and  toluene  additions  did  not.  Acetylene  addition  also  did  not  block  mineralization. 
Yeast,  humic  acid,  and  trace  nutrient  addition  in  oxic  systems  had  little  influence  on  NDMA 
mineralization.  NDMA  mineralization  by  2000  hours  in  oxic  Aerojet  sediment  averaged 
(n  =  10)  51.0%  mineralization  with  17.8%  species  remaining  aqueous  (<0.1%  NDMA),  2.0% 
sorbed  to  sediment,  0.7%  sorbed  to  microbes,  and  5.7%  NDMA  carbon  mass  incorporated  into 
microbes  (total  mass  balance  80.0%).  NDMA  oxic  mineralization  was  as  high  as  82%  in  the 
Ft.  Lewis  sediment.  This  high  carbon  mass  balance  in  the  oxic  systems  is  indicative  of 
significant  microbial  control.  For  anoxic  and  reduced  sediment,  carbon  additions  normally 
associated  with  increasing  monooxygenase  pathways  (propane,  methane,  toluene)  had  no 
influence  on  NDMA  mineralization,  as  expected,  indicating  this  pathway  was  not  mineralizing 
NDMA.  Other  carbon  additions  (humic  acid,  yeast  extract,  trace  nutrients)  did  not  increase 
mineralization,  indicating  that  reduced  system  mineralization  likely  has  significant  abiotically 
control,  which  was  confirmed  by  the  bactericide  addition  with  little  change  in  NDMA 
mineralization.  Reduced  Aerojet  sediment  carbon  mass  balance  at  2000  hours  (n  =  7)  showed 
40.2%  aqueous,  9.9%  mineralized,  0.35%  sorbed  to  sediment  and  microbes,  and  0.18% 
incorporated  into  microbes.  NDMA  mineralization  in  reduced  sediments  was  as  high  as  26%. 

Although  NDMA  mineralization  in  batch  oxic  sediment  systems  showed  that  higher  minerali¬ 
zation  rates  and  extent  than  reduced  systems,  large  1-D  column  systems  (high  sediment/water 
ratio  of  aquifers)  showed  much  more  rapid  NDMA  mineralization  in  reduced  sediment  systems. 
NDMA  mineralization  in  reduced  Aerojet  sediment  columns  (half-life  410  ±  147  hours)  were 
5.6  times  more  rapid  than  in  oxic,  biostimulated  sediment  columns  (half-life  2293  ±  1866  hours) 
and  in  sequential  reduced/oxic  biostimulated  sediment  columns  (half-life  3180  ±  1094  hours). 
Oxic  columns  had  NDMA-laden  water  and  air/propane  injection  to  promote  NDMA  co-metabolic 
degradation.  These  results  are  not  surprising  as  column  systems  exhibit  significantly  less  mixing 
than  in  batch  systems,  so  much  of  the  microbial  population  may  be  nutrient  limited.  In  fact,  oxic 
biomineralization  rates  in  columns  were  150  times  slower  than  predicted  from  batch  experi¬ 
ments.  In  contrast,  NDMA  mineralization  in  the  reduced  sediment  columns  were  only  4  times 
slower  than  predicted  from  batch  studies,  indicating  abiotic  process  scale  up  is  much  more 
efficient  (not  influenced  by  the  need  for  aqueous  nutrients  at  surface  sites).  It  is  possible  that 
more  efficient  methods  to  inject  and  mix  nutrients  in  situ  can  increase  the  biomineralization  rate 
in  oxic  systems.  NDMA  mineralization  rates  in  sequential  reduced-oxic  sediment  columns 
indicate  the  process  is  inefficient,  as  NDMA  degradation  intermediates  from  the  upgradient 
reduced  column  are  not  being  biodegraded  as  easily  as  NDMA  itself  This  may  indicate  that  the 
abiotic,  reduced  sediment  NDMA  mineralization  pathway  is  different  from  the  oxic 
biomineralization  pathway. 
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Results  of  this  study  demonstrate  that  dithionite-  or  natural-reduced  aquifer  sediments  under 
iron-reducing  conditions  degrade  NDMA  rapidly  (32.1 -hour  half-life)  and  also  mineralize 
NDMA  slowly  (410-hour  half-life).  This  reactivity  was  maintained  for  84  pore  volumes,  when 
experiments  ended.  It  is  expected  that  the  reactivity  would  last  longer  (estimated  150  to 
200  pore  volumes  for  the  Aerojet  sediment).  These  promising  laboratory-scale  results  for 
NDMA  mineralization  should  be  evaluated  at  field  scale.  Other  methods  to  create  a  subsurface 
iron-reducing  environment  may  also  yield  similar  results  (i.e.,  zero  valent  iron  injection  or 
biostimulation).  Although  numerous  experiments  evaluating  additions  to  stimulate  in  situ 
microbial  activity  were  largely  ineffective  in  this  study,  ex  situ  bioreactors  utilizing  appropriate 
monooxygenase  isolates  have  been  shown  successful  in  other  studies.  Therefore,  future  studies 
of  NDMA  remediation  should  focus  on  the  comparison  of  in  situ  abiotic  NDMA  mineralization 
(iron-reducing  environments)  to  ex  situ  biomineralization. 
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1.0  Introduction 


This  is  the  final  report  for  Strategic  Environmental  Research  and  Development  Program  (SERDP) 
project  1421  entitled  “Abiotic  and  Biotic  Mechanisms  Controlling /n  Situ  Remediation  of 
NDMA”  for  the  period  March  2005  to  December  2008.  Funding  delays  resulted  in  the  labora¬ 
tory  studies  being  extended  for  a  year.  This  laboratory  study  of  the  fate  of  n-nitrosodimethylamine 
(NDMA)  in  contaminated  subsurface  environments  involves  research  at  Pacific  Northwest 
National  Laboratory  (PNNL;  Dr.  Jim  McKinley,  Dr.  Jim  Szecsody,  Dr.  Don  Girvin,  and  others) 
and  at  the  U.S.  Army  Engineer  Research  &  Development  Center,  Waterways  Experiment  Station 
(Dr.  Herb  Fredrickson,  Dr.  Fiona  Crocker,  and  Karen  Thompson). 

The  general  objective  of  the  project  is  to  stimulate  NDMA  degradation/mineralization  through 
combined  biotic  and  abiotic  processes  in  natural,  contaminated  aquifer  sediments.  We  hypothe¬ 
size  that  an  initial  degradative  (iron  reducing)  environment  can  be  readily  induced  in  the  subsur¬ 
face  through  the  injection  of  sodium  dithionite.  The  reduction  in  the  sediment  of  structural  iron 
in  sediment  minerals  will  produce  a  porous  reactive  barrier  that  can  degrade  NDMA.  We  further 
hypothesize  that  the  complete  mineralization  of  NDMA  will  require  or  be  facilitated  by  the 
in  situ  microbial  community,  if  it  is  appropriately  stimulated  by  the  addition  of  an  electron  donor 
in  the  reducing  environment  or  downgradient  oxic  environment.  This  addition  will  further 
sustain  reducing  conditions  in  the  subsurface  and  prolong  the  useful  life  of  the  reactive  barrier. 
Preliminary  results  from  experiments  initiated  before  this  project  suggested  that  degradation 
could  occur  through  biotic  or  abiotic  processes,  although  the  nature  of  the  processes  were  not 
well  understood. 
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2.0  Background 


2.1  Technical  Objective 

The  objective  of  this  study  was  to  investigate  abiotic  and  coupled  abiotic/biotic  processes  that  led 
to  NDMA  degradation  in  chemically  reduced  natural  sediment  by  measurement  of  potential 
degradation  products.  These  degradation  products  are  believed  to  differ  according  to  pathway. 

In  previous  studies,  NDMA  degradation  in  reduced  sediment  was  demonstrated,  although  the 
mechanism  was  not  well  understood.  In  this  study,  the  ability  of  microbial  consortia  to  degrade 
NDMA  in  sediments  and  as  isolates  will  also  be  investigated.  It  is  hypothesized  that  that  biore¬ 
mediation  may  supplement  abiotic  degradation  if  an  appropriate  electron  donor  is  supplied  along 
with  dithionite  during  soil  reduction.  Other  studies  show  that  a  significant  fraction  of  in  situ 
populations  survive  dithionite  treatment  and  may  be  able  to  bioremediate  organic  compounds 
(although  whether  appropriate  isolates  that  degrade  NDMA  survive  dithionite  treatment  is  not 
known).  The  ultimate  objective  of  this  research  is  to  conduct  a  field  trial  of  an  abiotic/biotic 
methodology  for  the  remediation  of  aquifer-bom  NDMA. 

Our  research  followed  an  upscaling  toward  field  implementation: 

•  Task  1  -  Abiotic  reduction  experiments  to  identify  reduction  pathways  relevant  to  natural 
systems 

•  Task  2  -  Incorporation  of  a  biotic  component  in  coupled  biotic/abiotic  experiments  to 
provide  needed  information  about  the  role  and  effectiveness  of  microbially  mediated 
reduction 

•  Task  3  -  Coupled  abiotic/biotic  experiments  for  NDMA  degradation/mineralization 

•  Task  4  -  Large  laboratory-scale  1-D  column  studies  with  sequential  reducing,  then  oxic 
environments  to  evaluate  NDMA  degradation  and  mineralization  under  field-scale 
geochemical  conditions  in  Aerojet  aquifer  sediment. 

Our  research  team  is  an  interdisciplinary  group  of  scientists  with  appropriate  experience,  located 
at  PNNL,  and  at  U.S.  Department  of  Defense  (DOD)  Waterways  Experiment  Station  (WES, 
Vicksburg,  MS).  Our  collaborator  at  WES  provided  expertise  in  microbiology  and  access  to 
known  microbial  degraders  of  a  variety  of  organic  and  nitramine  explosive  contaminants. 

2.2  In  Situ  Reactive  Zone  Concept 

In  situ  redox  manipulation  (ISRM)  of  sediment  by  the  chemical  amendment  and  injection  of 
groundwater  has  been  shown  to  be  effective  in  the  remediation  of  a  variety  of  redox  sensitive 
inorganic  contaminants  (Fruchter  et  al.  2000;  Vermeul  et  al.  2002)  and  organic  contaminants  that 
can  be  degraded  through  a  reductive  pathway  (Szecsody  2007;  Szecsody  et  al.  2004,  2008a). 

The  remediation  strategy  is  to  induce  a  permeable  reactive  zone  (abiotic,  biotic,  or  coupled)  in 
the  subsurface  that  will  persist  and  effect  the  removal  of  the  contaminant  of  interest  as  it  moves 
through  the  barrier  by  advection.  Reactive  barriers  are  successful  when  contaminant  residence 
times  are  sufficient  to  allow  complete  mineralization,  or  to  produce  intermediates  that  can  be 
rapidly  degraded  in  aerobic  zones  downgradient.  Enhanced  bioremediation  of  energetics  and 
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other  nitroaromatic  compounds  in  the  subsurface  is  often  successful  in  removing  parent  com¬ 
pounds,  but  mineralization  (i.e.,  complete  destruction)  rates  are  not  necessarily  faster  than  natural 
biodegradation,  and  often  too  slow  or  nonexistent.  For  example,  Boopathy  et  al.  (1994)  observed 
enhanced  1,2,5-trinitrotoluene  (TNT)  biotransformation  by  seven  different  carbon  sources  but 
mineralization  was  not  observed.  Preliminary  laboratory  studies  (discussed  below)  indicated  that 
NDMA  was  readily  and  rapidly  degraded  by  dithionite-reduced  Aerojet  sediments,  suggesting 
that  ISRM  might  be  successful  at  that  site.  However,  a  number  of  uncertainties  need  to  be  evalu¬ 
ated  to  allow  the  design  and  completion  of  a  field  test.  The  design,  implementation,  and  assess¬ 
ment  of  a  field  remediation  test  would  require  knowledge  of  NDMA  degradation  mechanisms, 
and  the  ability  to  quantitate  its  degradation  products.  The  potential  role  of  microbial  bioremedi¬ 
ation  in  NDMA  degradation,  particularly  at  the  low  levels  found  at  the  Aerojet  site,  must  be 
determined.  ISRM  with  biostimulation  may  improve  degradation  efficiency  and  the  longevity  of 
the  reactive  barrier.  When  the  combined  effects  of  chemical  and  biological  degradation  are  known, 
an  optimized  and  efficient  could  be  developed  through  intensive  experimentation.  Field  testing 
based  on  a  hypothetically  robust  and  efficient  design  would  have  the  greatest  chance  of  success. 

2.3  The  Aerojet  Site 

The  Aerojet  site  is  in  Rancho  Cordoba,  California,  ~15  miles  east  of  Sacramento.  The  facility  is 
a  Superfund  site,  and  has  been  operated  by  Aerojet  since  1953.  Operations  at  the  site  included 
manufacture  of  liquid  and  solid  propellants  for  rocket  engines,  and  the  formulation  of  pesticides, 
pharmaceuticals,  and  industrial  chemicals.  Some  wastes  were  disposed  on  the  site  in  surface 
impoundments,  landfills,  deep  injection  wells,  leachate  field,  and  open  bum  areas.  The  prevalent 
contaminants  in  groundwater  are  trichloroethene,  perchlorate,  and  NDMA,  occurring  in  plumes 
that  extend  across  the  site  boundaries  into  the  surrounding  community.  A  number  of  community 
water  supply  wells  have  been  lost  to  production  due  to  contamination.  The  aquifer  at  the  site  is 
divided  into  five  vertical  zones,  or  layers,  A  -  D,  with  distinct  contaminant  profiles.  In  general, 
the  maximum  concentrations  of  NDMA,  perchlorate,  and  trichloroethylene  (TCE)  are  1.3, 

1 1,000,  and  9,400  pg  u',  respectively.  The  ISRM  method  is  known  to  be  effective  for  TCE 
degradation,  and  appears  to  be  effective  for  NDMA  in  laboratory-scale  experiments. 

The  in  situ  geochemical  reduction  technology  used  in  this  project  is  based  on  previous  experi¬ 
ence  with  the  immobilization  of  chromate  by  a  permeable  reactive  barrier  containing  reduced 
sediment.  The  geochemical  reduction  of  chromate  (CrVI)  to  Cr(III)  occurs  by  reaction  with 
ferrous  iron  within  the  barrier.  This  reduced  zone  of  sediment  -  sediment  in  which  a  significant 
fraction  of  sedimentary  Fe(III)  is  converted  to  reactive  Fe(II)  -  is  created  by  the  injection  of  an 
aqueous  reductant  (sodium  dithionite)  through  a  standard  groundwater  well.  The  longevity  of 
the  reduced  zone  depends  upon  the  oxidation  of  the  ferrous  iron  by  chromate  and  other  electron 
acceptors,  such  as  dissolved  oxygen,  during  the  natural  advection  of  groundwater  through  the 
treatment  zone.  In  situ  microbial  respiration  will  also  have  an  effect. 

2.4  NDMA  Degradation  Mechanism 

Some  experimentation  on  NDMA  reduction  pathways  has  been  published,  suggesting  several 
potential  mechanisms  (summarized  below).  The  determination  of  the  effective  pathway  or 
pathways  in  the  subsurface  environment  after  ISRM  treatment  would  be  a  necessary  preliminary 
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step  in  designing  and  implementing  a  field  remediation  project.  This  information  would  be 
necessary  to  optimize  the  treatment  strategy,  chemistry,  and  design.  Published  and  preliminary 
studies  to  date  included  NDMA  in  the  presence  of  metallic  iron  and  nickel-iron  mixtures,  and 
ferrous  iron  in  reduced  sediments  (Gui  et  al.  2000). 

For  zero  valent  iron  and  Ni/Fe  mixed  metal,  three  possible  mechanisms  for  NDMA  degradation 
have  been  proposed:  1)  direct  electron  transfer  from  zero  valent  iron,  2)  electron  transfer  from 
adsorbed  Fe  ,  and  3)  catalyzed  hydrogenolysis  by  H2  produced  from  iron  corrosion.  While 
degradation  of  many  compounds  appears  to  occur  via  the  first  or  second  mechanism,  recent 
evidence  suggests  that  the  third  mechanism  was  most  likely  (Odziemkowski  et  al.  2000),  based 
on  several  lines  of  evidence.  First,  the  direct  reduction  of  NDMA  by  zero  valent  iron  was  judged 
to  be  unlikely,  based  on  electrochemical  potentials  of  the  two  species.  The  redox  potential  for 
NDMA,  -1.3  volts  in  the  pH  range  7  to  12,  is  larger  than  the  potential  for  zero  valent  iron,  ca. 

-0.6  volts.  (For  comparison,  our  results  indicate  that  reduced  sediment  has  a  potential  of  about 
-0.2  volts  and  an  aqueous  0.1  mol/L  dithionite  solution  has  a  potential  of  -0.56  volts.)  Chemical 
evidence  also  supported  the  conclusion  that  surface  hydrogenation  degraded  NDMA.  The  direct 
electrochemical  reduction  of  NDMA  produces  dimethylamine  (DMA)  and  nitrous  oxide  (i.e., 
proposed  degradation  products  for  mechanism  #1),  but  the  batch  and  column  experiments 
conducted  by  Odziemkowski  et  al.  (2000)  with  zero-valent  and  Ni/Fe-mixed  metals  produced  the 
products  of  hydrogenation:  DMA  and  ammonia.  The  hydrogenation  mechanism  is  illustrated  in 
Figure  2. 1 .  Electron  transfer  from  zero  valent  iron  hydrolyzes  water  to  yield  hydrogen.  This 
hydrogen  adsorbs  to  the  iron  surface  and  reacts  with  NDMA  via  catalytic  hydrogenation.  In 
addition,  because  most  of  the  zero  valent  metals  are  coated  with  a  magnetite  (Fe304)  film 
(Odziemkowski  et  al.  2000),  the  proposed  mechanism  involves  magnetite  (Figure  2.1). 

NDMA  DMA 

/CH3  6(Fe/Fe304)H  H3C,^  +NH3 

N  - ^  N 

I  H 

N 

'^Q  +  6Fe/Fe304  +  H20 

Figure  2.1.  NDMA  degradation  pathway  for  Fe“  and 
Ni”/Fe“. 

dation  pathway,  which  includes  NDMA  and  in  which  some  rearrangement  of  NDMA  can  form 
three  other  molecules,  some  of  which  follow  a  further  chemical  pathway.  However,  since 
NDMA  is  along  the  pathway  of  RDX  mineralization,  the  mineralization  of  RDX  necessitates  the 
degradation  of  NDMA  (Jalal  Hawari,  personal  communication).  Because  the  complete  minerali¬ 
zation  of  RDX  cannot  occur  entirely  abiotically  (i.e.,  microbes  are  involved  in  final  steps  to 
produce  carbon  dioxide),  the  complete  mineralization  of  NDMA  in  reduced  sediment,  if  it 
occurs,  also  likely  requires  both  abiotic  and  biotic  steps.  Also,  the  aqueous  or  surface  reducing 
conditions  created  by  reduced  sediment  are  not  as  electronegative  as  zero  valent  iron.  For 
comparison,  reduced  sediment  is  about  -0.2  volts  and  aqueous  0.1  mol/L  dithionite  is  -0.56  volts, 
relative  to  the  -0.6  volts  for  zero  valent  iron.  It  is  therefore  unlikely  that  water  is  hydrolyzing  at 
the  reduced  sediment  surface,  so  zero  valent  iron  pathway  is  unlikely  to  occur  for  reduced 


The  degradation  pathway  of  NDMA  in 
contact  with  reduced  sediments  is  largely 
unknown.  As  described  earlier,  “reduced 
sedimenf  ’  refers  to  one  or  more  ferrous 
iron  species  present,  which  for  several 
sediments  (Szecsody  et  al.  2004)  are 
predominantly  adsorbed  ferrous  iron  and 
siderite,  but  may  also  include  reduced 
structural  iron  in  clays.  Current  literature 
describes  only  portions  of  a  hypothesized 
royal  demolition  explosive  (RDX)  degra- 
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sediment.  The  identification  of  the  reaction  intermediates  of  NDMA  degradation  for  reduced 
sediments  is  needed  to  determine  its  reduction  pathway  in  that  system.  Because  all  three 
proposed  mechanisms  for  zero  valent  iron  produce  DMA,  it  is  a  likely  degradation  product  for 
reduced  sediment  also.  In  addition,  the  production  of  1,1-dimethylhydrazine,  nitrous  oxide,  or 
methane  would  indicate  the  first  mechanism,  whereas  production  of  ammonia  would  indicate  the 
third  mechanism. 


2.5  Abiotic  NDMA  Degradation  in  Sediments 

In  a  preliminary  study  (Szecsody  et  al.  2001),  a  series  of  batch  (i.e.,  no  flow)  and  small  1-D 
column  experiments  (i.e.,  simulates  idealized  groundwater  flow)  with  chemically  reduced  aquifer 
sediments  were  conducted  by  us  to  determine  the  NDMA  degradation  rate  (Table  2.1).  Two 
different  sediments  were  used:  a)  Ft.  Lewis  (WA)  60-ft  depth  sediment,  and  b)  Aerojet  (CA) 
260-ft  depth  sediment.  NDMA  was  reduced  in  these  sediments.  There  was  a  dependence  of  the 
NDMA  reduction  rate  on  the  molar  ratio  of  the  reductant  (ferrous  iron  in  reduced  sediment  or 
dithionite)  to  NDMA  concentration  (Table  2.1).  Some  experiments  showed  moderate  NDMA 
degradation  rates,  and  the  appearance  of  a  possible  degradation  product,  while  other  experiments 
showed  little  or  no  NDMA  degradation.  In  general,  the  Ft.  Lewis  sediment  degraded  NDMA  at 
a  rate  sufficient  to  be  useful  for  subsurface  remediation  (<  100-hour  half-life),  but  the  Aerojet 
sediment  degraded  NDMA  slowly.  In  addition,  NDMA  was  rapidly  degraded  directly  by 
dithionite. 


Table  2.1.  NDMA  degradation  in  sediment. 


molar 

pseudo  rate 

intrinsic  rate 

NDMA 

Fe2+ 

ratio 

half-life 

kf' 

kf 

(mg/L) 

(mol) 

Fe/NDMA 

(h) 

(1/h) 

<i/h> 

Ft  Lewis  Sediment: 

25.0 

1.S3E-04 

18.6 

8090 

8.57E-05 

4.49E-F04 

25.0 

1.47E-03 

135 

2700 

260E-04 

1.63E-H04 

0.72 

1.58E‘04 

544 

none 

0.72 

1.52E-03 

4920 

203 

0.00341 

7.24E-F06 

25 

3.04E-04 

493 

2000 

0.00035 

1.S7E-r06 

2.5 

2.42  E-04 

3200 

380 

0.00182 

9.97E-F07 

0.25 

2.44E-04 

31400 

66 

0.0105 

5.53E+09 

Aerojet  Sediment: 

5.34 

1.42E-02 

3360 

447 

0.00155 

2.5SE-r04 

5.34 

1.42E-02 

3360 

none 

0.036 

5.22  E-02 

490000 

(14)* 

0.0490 

8.90E+06 

0.036 

5.22E-02 

490000 

(45.1)^ 

0.0154 

2.76E-r06 

0.036 

5.22E-02 

490000 

(11 7r 

0.0059 

1.06E+06 

0.036 

5.22E-02 

490000 

(338)* 

0.0021 

3.77E-r05 

5.00 

1.47E-02 

4120 

264 

0.00262 

5.01  E-H04 

5.00 

1 .47E-02 

4120 

none 

4.74 

5.1SE-04 

4710 

173 

0.00401 

7.03E-H07 

0.036 

1.41E-02 

432000 

15.8 

0.044 

9.54E-H07 

0.036 

1.41E-02 

432000 

10.7 

0.065 

1.41E-H08 

dith. 

dithionite 

dith/NDMA 

5.27 

5.40E-03 

1260 

2.51 

0.276 

1.20E+07 

d(NDMA)/dt  =  kf  {Fe2-i-)(NDMA),  kf  =  intrinsic  first  order  rate  coefficient 

d(NDMA)/dt  =  kf  (p&euido  first-order  approximation  from  data) 

"sediment  column  was  partially  reduced  and  may  conlain  dithionite 

We  began  our  preliminary  experiments  by  using 
sediment  for  which  properties  were  well  known, 
derived  a  rate  expression  from  the  initial  results, 
and  then  investigated  interaction  with  less  well- 
known  Aerojet  sediment.  The  NDMA  degra¬ 
dation  experiments  were  initiated  with  a 
geochemically  well-characterized  sediment  from 
the  unconfined  aquifer  at  Ft.  Lewis,  Washington 
(Tacoma,  WA).  The  <4  mm  fraction,  used  in 
experimentation,  of  this  glacial  till  sediment 
(silty,  sandy  gravel)  contained  a  wide  variety 
of  ferric  iron-containing  minerals  including 
8.5%  2:1  smectite  clays,  13%  biotite,  and  0.8% 
iron  oxides.  The  total  reducible  iron  was 
159  pmol/g,  roughly  twice  that  of  the  Aerojet 
sediment  (74.1  pmol/g  reducible  iron).  The 
relatively  high  clay  content  in  the  Ft.  Lewis 
sediment  rather  than  the  difference  in  reducible 
iron  may  have  been  responsible  for  the  high 
NDMA  reactivity. 

NDMA  was  observed  to  be  systematically 
degraded  in  reduced  Ft.  Lewis  sediment 
(Szecsody  et  al.  2000).  A  total  of  seven  batch 
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experiments  were  conducted  at  different  soil/water 
and  NDMA  concentrations  to  achieve  a  wide 
range  of  electron  donor  (ferrous  iron)  to  electron 
acceptor  (NDMA)  ratios.  Three  experiments 
(Figure  2.2)  showed  that  with  a  higher  ferrous 
iron/NDMA  ratio,  the  resulting  degradation  rate 
increased  from  a  2000-hour  half-life  (25-mg/L 
NDMA)  to  a  66-hour  half-life  (0.25-mg/L  NDMA; 
also  minor  differences  in  the  soil/water  ratio).  The 
results  could  be  scaled  to  a  field  application.  The 
soil/water  ratios  in  batch  studies  (0.666  g/cm^)  are 
4.8  times  smaller  than  is  achieved  in  the  aquifer  or  packed  soil  columns  (3.2  g/cm^),  so  a  14-hour 
half-life  for  NDMA  degradation  is  predicted  in  a  packed  column  of  reduced  Ft.  Lewis  sediment. 
Theoretically,  a  total  of  6  electrons  are  needed  to  degrade  NDMA  to  carbon  dioxide,  although 
the  actual  pathway  is  largely  unknown.  Considering  only  the  NDMA  loss  rate  with  Fe^^  as  the 
reductant  (reaction  2.1),  rate  expression  can  be  written  to  describe  the  intrinsic  degradation  rate 
(expression  2.2): 


Figure  2.2.  NDMA  degradation  in  reduced 
Ft.  Lewis  sediment. 


NDMA  -I-  Fe^^  <=>  intermediate#!  -I-  Fe^^  +  OH'  (2.1) 


d(NDMA)/dt  =  kf(Fe^^)(NDMA) 


(2.2) 


can  be  used  to  calculate  the  intrinsic  rate  coefficient  (kf)  from  the  different  experiments  to 
remove  the  differences  in  iron  and  NDMA  concentrations.  The  intrinsic  rate  coefficient  for  the 
dithionite/NDMA  reaction  was  calculated  at  1.2  x  10  h'  (Table  2.1),  whereas  the  log-average 
intrinsic  rate  for  the  Ft.  Lewis  sediment/NDMA  reaction  was  5.2  x  10^  h'\  and  Aerojet  sediment/ 
NDMA  reaction  was  1.1  x  10*  h'*  (i.e.,  the  rates  were  nearly  all  the  same).  This  result  indicated 
that  the  surface-promoted  redox  reaction  was  essentially  the  same  as  the  aqueous  reaction, 
suggesting  that  the  surface  did  not  act  as  a  catalyst,  but  only  as  an  electron  donor;  i.e.,  it  acted 
similarly  to  dithionite.  In  addition,  differences  in  sediment  mineralogy  between  the  Aerojet  and 
Ft.  Lewis  sediments  were  insignificant,  so  the  reducible  iron  content  should  predict  NDMA 
degradation  behavior. 

NDMA  degradation  experiments  were  conducted  in  reduced  Aerojet  sediment  columns  to 
determine  rates  that  could  be  achieved  at  field- scale  soil/water  ratios.  A  total  of  1 1  column 
experiments  were  conducted  with  Aerojet  sediment.  In  experiments  where  the  Fe/NDMA  was 
ca.  4000  (Table  2.1),  the  observed  NDMA  degradation  of  NDMA  included  no  degradation  and 
half-lives  of  178  to  264  hours.  These  NDMA  degradation  rates  were  relatively  slow,  and 
surprising  compared  with  the  results  using  the  Ft.  Lewis  sediments. 

Two  column  experiments  were  conducted  with  100%  reduced  Aerojet  sediment  and  Aerojet 
groundwater  in  which  the  Fe/NDMA  was  ca.  43,000  (Table  2.1;  36-ppb  NDMA;  Figure  2.3); 
these  experiments  showed  the  predicted  rate  of  ~14  hours  (see  previous  section),  based  on  the 
high  reductant/NDMA  ratio  that  would  be  present  in  the  Aerojet  aquifer.  Although  there  are 
only  a  few  points  on  each  breakthrough  curve  shown  in  Figure  2.3,  the  two  column  experiments 
exhibited  significant  NDMA  degradation.  In  the  experiment  with  a  28-hour  residence  time  in  the 
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NQA:  NDMA  degradation  during  1-D  flow 


NQB:  NDMA  degradation  during  1-D  flow 
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Figure  2.3.  NDMA  degradation  in  reduced  Ft.  Lewis 
sediment  columns  at  36  ppb. 


Figure  2.4.  NDMA  degradation  in  reduced  sediments 
(open  circles  and  triangles)  and  with  aqueous  dithionite 
(diamond). 


column,  the  average  effluent  concentration 
was  10.5  ppb  (after  2  pore  volumes),  which 
produced  an  NDMA  degradation  half-life 
of  15.8  hours.  In  the  second  experiment 
with  a  1 12-hour  residence  time  in  the 
column,  the  average  effluent  concentration 
was  0.025  ppb,  which  indicated  the 
average  NDMA  degradation  half-life  was 
10.7  hours.  The  wide  bars  on  the  graph 
signify  the  actual  size  of  the  sample  (i.e., 
the  100  mL  collected  was  -1.5  pore 
volumes). 

Sorption  of  NDMA  was  additionally 
calculated  from  NDMA  breakthrough  in 
oxic  column  experiments.  The  Kd  value  of 
0.15  cm^/g  is  sufficiently  small  that  it  can 
be  ignored  during  transport  considerations. 

NDMA  degradation  rates  achieved  in 
reduced  Aerojet  sediments  in  Aerojet 
groundwater  (36-ppb  NDMA,  degradation 
rates  14.8-  and  10.7-hour  half-life)  are 
ideal  for  construction  of  a  permeable 
reactive  barrier.  A  plot  of  the  NDMA 
degradation  rates  versus  the  ratio  of 
reductant  to  initial  NDMA  concentration 
(Figure  2.4)  illustrates  the  key  conclusions 
of  this  preliminary  study.  First,  direct 
reduction  of  NDMA  by  aqueous  dithionite 
is  2  to  3  orders  of  magnitude  more  efficient 
than  reduced  sediment.  This  is  not  useful 
in  a  subsurface  aquifer  because  dithionite 
disproportionates  with  a  27-hour  half-life 
(discussed  above);  it  is  no  longer  present  in 
effective  concentrations  after  a  1-week 


residence  in  the  subsurface.  It  is  unknown  whether  this  aqueous  NDMA  degradation  is  caused 
by  dithionite  or  possibly  hydrolysis  of  NDMA  at  high  pH  (which  occurs  with  explosives). 


The  results  using  different  sediments  are  consistent.  By  fitting  a  straight  line  to  the  six  open 
circles  (degradation  rates  achieved  at  much  lower  molar  ratios  of  reductant  to  NDMA)  and 
examining  its  position  in  the  “Aerojet  aquifer”  region  of  the  plot,  the  reduction  rate  predicted  for 
the  Aerojet  sediment  can  be  compared  to  the  observed  rate.  The  reduction  rate  in  the  Aerojet 
aquifer,  in  which  there  is  a  100,000  to  500,000  greater  mass  of  reducible  iron  relative  to  the 
in  situ  36-ppb  NDMA  (molar  ratio  basis),  is  predicted  by  Ft.  Lewis  results  to  agree  with  the 
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observed  rate  of  14  hours.  There  is  apparently  no  meaningful  difference  in  iron  mineralogy 
between  the  two  sediments,  in  terms  of  NDMA  reactivity  (i.e.,  total  mass  of  reducible  iron 
sufficiently  predicts  NDMA  behavior). 

The  correlation  of  the  high  Fe/NDMA  molar  ratio  and  the  NDMA  degradation  rate  may  be 
caused  by  a  ferrous  iron  phase  (or  other  phase)  present  in  very  small  concentrations  relative  to 
the  total  redox  capacity  of  the  sediment.  Additional  information  is  needed  to  determine  the 
mechanism  on  reduced  natural  sediments,  including  identification  of  reaction  products. 

2.6  Biotic  NDMA  Degradation 

Early  studies  showed  that  NDMA  can  be  degraded  by  aerobic  environmental  consortia  (Kaplan 
and  Kaplan  1985;  Mitch  et  al.  2003)  and  soil  microcosms  (Mallik  and  Testai  1981).  These 
results  were  confirmed  in  our  laboratory  (WES)  using  '"^C-NDMA  (Figure  2.5).  Gunnison  et  al. 
(2000)  has  shown  that  NDMA  was  mineralized  by  subsurface  soil  microbial  communities  native 
to  the  Rocky  Mountain  Arsenal.  Thirty  to  60%  of  '"^C-NDMA  (50  -  500  pg/L)  added  to  soil 
slurries  was  mineralized  to  ^^C02  within 
30  days.  No  '"^C02  was  produced  from  soil 
slurries  poisoned  with  mercuric  chloride. 

Equivalent  rates  of  mineralization  were 
achieved  when  the  microcosms  were 
incubated  under  aerobic  and  anaerobic 
conditions.  The  contaminated  Rocky  Flats 
aquifer  is  microaerophilic  and  pH  is  ~7. 

These  conditions  are  conducive  to  NDMA 
degradation  and  were  suggested  to  be  the 
reason  that  NDMA  has  not  migrated  off  the 
Rocky  Flats  site.  The  microorganisms 
mediating  NDMA  biodegradation,  NDMA 
biodegradation  products,  and  biochemical 
pathways  have  not  been  identified.  It  is 
also  not  known  if  these  biodegradation 
mechanisms  will  be  operable  on  the  products 
resulting  from  abiological  reduction  of 
NDMA. 

The  proposed  NDMA  degradation  pathway 
(catalytic  hydrogenation)  with  Ni/Fe  metals 
(Odziemkowski  et  al.  2000)  appears  to 
include  magnetite  at  the  metal  surface.  Magnetite  is  present  in  Aerojet  sediments  (36  vol.  %) 
and  could  act  as  a  catalytic  surface  in  the  presence  of  hydrogen.  Chemically  reduced  sediment  is 
unlikely  to  provide  hydrogen  in  this  system  by  hydrolysis,  but  microbial  hydrogen  could  be 
significant.  Biostimulation  could  cause  rapid  metabolic  activity,  producing  H2  at  concentrations 
several  orders  of  magnitude  greater  than  NDMA. 


Time  (Days) 

Figure  2.5.  '"'C-NDMA  mineralization  in  slurries 
of  materials  collected  from  the  Northern  Boundary 
Containment  System  from  the  Rocky  Flats  Arsenal 
(Gunnison  et  al.  2000). 
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2.7  Abiotic  Sediment  Reduction  Technology 


The  ISRM  technology  utilizes  existing  iron  in  aquifer  sediment  that  is  chemically  treated  with  a 
reductant  (sodium  dithionite  buffered  at  high  pH)  by  injection  or  a  short  time  into  the  contami¬ 
nated  sediment  (typically  24  to  60  hours),  to  reduce  mineral  Fe(III)-oxides.  The  product  Fe(II) 
may  reside  in  reduced  phases  or  may  be  solubilized  and  reside  as  adsorbed  species  on  mineral 
surfaces.  The  reduction  process  results  in  chemically  reducing  groundwater  conditions  and  the 
resultant  disappearance  of  dissolved  oxygen. 

The  chemically  produced  reduced  iron  phases  in  sediment  behave  similarly  to  zero-valent 
permeable  iron  walls  for  some  reactions  such  as  TCE  dechlorination  (Szecsody  et  al.  2004)  and 
chromate  reduction  (Fruchter  et  al.  2000).  The  similarity  of  reduced  sediment  to  zero-valent 
barriers  is  due  to  their  operational  equivalence.  Zero-valent  barriers  rely  not  on  the  oxidation  of 
metallic  Fe(0),  but  rather  on  the  oxidation  of  Fe(0)  to  Fe(II).  Ferrous  iron  is  the  reactive 
compound  that  is  oxidized  to  ferric  iron,  either  from  adsorbed  Fe(II)  or  from  Fe(II)  minerals  such 
as  green  rust  (Genin  et  al.  1998),  to  reductively  remediate  chlorinated  aliphatic  contaminants 
(Balko  and  Tratnyek  1998;  Johnson  et  al.  1998)  or  reduction  of  metals  such  as  chromate  (Blowes 
et  al.  1997;  Buerge  and  Hug  1997).  While  aqueous  Fe(ll)  can  reduce  chromate  (Eary  and  Rai 
1988),  Fe(II)  either  as  a  structural  mineral  component  or  adsorbed  to  an  Fe(III)-oxide,  clay 
surface,  or  zero  valent  iron  surface  is  necessary  for  dechlorination  reactions.  The  role  of  the 
surface  in  this  reaction  is  not  clearly  understood. 

The  dithionite  chemical  treatment  dissolves  and  reduces  amorphous  and  some  crystalline  Fe(lll) 
oxides.  Although  adsorbed  Fe(II)  appears  to  be  the  dominant  Fe(II)  component,  there  may  be 
other  Fe(ll)  mineral  phases  produced,  including  Fe(ll)-carbonate  (siderite),  FeS  (iron  sulfite), 
and  others.  Although  more  than  one  Fe(III)  phase  is  likely  reduced  in  a  natural  sediment,  a 
simple  a  chemical  model  can  generally  describe  experimental  and  field  observations.  The 
reaction  that  describes  a  single  phase  of  iron  that  is  reduced  by  sodium  dithionite: 

8204'^  +  2  >Fe^^  +  2H2O  <==>  2  >Fe^^  +  2803'^  +  4H^  (2.3) 

shows  that  the  forward  rate  is  a  function  of  the  dithionite  concentration  and  the  square  of  the 
reducible  iron  concentration  (rate  is  overall  a  third-order  function  of  concentration).  Modeling 
reaction  progress  in  this  system  may  require  a  relatively  simple  modification  to  accommodate 
sediment  heterogeneity.  Experimental  evidence  from  previous  studies  with  Hanford  sediments 
has  shown  that  at  least  two  parallel  reduction  reactions  are  needed  to  describe  iron  reduction  data 
(i.e.,  a  fraction  of  sites  are  quickly  reduced  and  a  fraction  more  slowly  reduced).  This  may  be  the 
result  of  the  reduction  of  two  or  more  major  Fe(III)  phases.  If  the  number  of  slowly  reducing 
sites  is  small  and  the  mass  of  iron  is  far  in  excess  of  the  dithionite,  reaction  1  can  be  reduced  to  a 
first-order  reaction  in  which  Fe^^  remains  constant. 

While  available  Fe(III)  is  a  primary  consideration,  the  implementation  of  I8RM  at  a  field  site 
must  also  account  for  the  effective  neutralization  of  dithionite  during  injection  and  for  the 
reaction  of  dithionite  with  other  system  components.  A  reaction  other  than  that  described  in 
(2.1)  occurs  spontaneously  in  the  sedimentary  system  to  consume  dithionite:  the  dispropor¬ 
tionation  of  dithionite 
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28204'^  +  H2O  <==>  8203'^  +  2H803' 


(2.4) 


accounts  for  dithionite  that  cannot  be  used  for  iron  reduction.  While  the  rate  of  this  reaction  is 
system-dependent,  previous  studies  have  shown  that  this  reaction  has  a  half-life  on  the  order  of 
~27  hours  (basaltic  sediments).  The  consequence  of  this  reaction  is  to  limit  how  slowly 
dithionite  can  be  reacted  with  (i.e.,  injected  into)  sediment  in  the  field.  If  dithionite  is  injected 
too  slowly,  a  significant  amount  of  the  mass  is  lost  to  disproportionation. 

2.8  Abiotic/Biotic  Reduced  Zone  Longevity 

Once  the  sediment  is  reduced,  subsequent  oxidation  of  adsorbed  and  structural  ferrous  iron  in  the 
sediments  of  the  permeable  redox  barrier  occurs  naturally  by  the  inflow  of  dissolved  oxygen 
through  the  barrier,  and  additionally  by  contaminants  (e.g.,  NDMA)  and  other  electron  acceptors 
present.  In  most  subsurface  systems,  dissolved  oxygen  in  water  is  the  dominant  oxidant  of  reduced 
iron  species,  as  contaminants  are  generally  present  at  lower  molar  concentrations  relative  to  dis¬ 
solved  oxygen.  Under  oxygen-saturated  conditions  (8.4-mg  U’  O2,  1  atm,  25”C),  1.05-mmol  L'* 
Fe(II)  is  consumed.  Experimental  evidence  indicates  that  the  oxygenation  of  Fe(II)  in  solutions 
(pH  >5)  is  generally  found  to  be  first  order  with  respect  to  Fe(II)  and  O2  concentration  and 
second-order  with  respect  to  OH'.  Although  the  rate  of  oxidation  of  aqueous  Fe^^  by  oxygen  at 
pH  8,  as  a  half-life,  is  a  few  minutes  (Eary  and  Rai  1988;  Buerge  and  Hug  1997),  the  oxidation 
rate  observed  in  natural  was  found  to  be  0.3  to  1.1  hour  (8zecsody  et  al.  2000). 

A  measure  of  the  total  reductive  capacity 
of  reduced  sediment  is  achieved  by 
oxidization  of  sediment  (Figure  2.6),  in  this 
case  by  O2  saturated  water,  yielding  0.4% 
ferrous  iron  species,  which  corresponds  to 
270  pore  volumes  of  oxygen-saturated 
water.  This  redox  capacity  can  be  related 
to  the  specific  field  system  by  knowing  the 
average  aquifer  concentrations  of  dissolved 
oxygen  and  other  electron  acceptors,  as 
detailed  in  the  following  calculation. 

Barrier  Longevity  (reductive  capacity)  Calculation:  For  a  candidate  (Aerojet,  CA,  250-ft 
depth),  the  average  mass  of  reducible  iron  that  was  dithionite  reduced  was  estimated  to  be 
74.1  pmol/g  (0.41%  reducible  iron).  The  longevity  of  this  barrier  (i.e.,  reductive  capacity  of  the 
ferrous  iron  and  other  reduced  transition  metals)  can  be  calculated  per  unit  volume  of  water  (i.e., 
pore  space)  in  packed  porous  media: 

Electron  donor,  moles  of  electrons  per  cm^  liquid  from  the  Fe(II): 

74.1  pmol  Fe^Vg  x  1  pmol  e-/|rmol  Fe^"^  x  1.49  g  sed/cm^  tot  x  cm^ tot/0.447  cm^  liq  x 
mol/10^  pmol 

=  1.06  X  10"  mol  e-/cm  liquid  #1  (with  field  bulk  density  and  porosity) 

=  2.47  X  10""^  mol  e-/em^  liquid  #2  (with  laboratory  bulk  density  and  porosity) 
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Figure  2.6. 

sediment. 


Reductive  capacity  of  chemically  reduced 
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Electron  acceptors',  moles  of  electrons  per  cm  liquid  from  dissolved  oxygen  and  others 
(NDMA,  etc.): 

•  8.4-mg/L  O2  (field  average)  x  g/1000  mg  x  mol  O2/32  g  x  L/1000  mL  x  4  mol  e-/mol02  = 
1.05  X  10'^  mol  e-/cm^ 

•  0.036-mg/L  NDMA  (field  average)  x  g/1000  mg  x  mol  NDMA/74  g  x  L/1000  mL  x  1  mol 
e-/mol  NDMA  =  4.9  x  lO'^**  mol  e-/cm^  (i.e.,  NDMA  has  little  influence  on  oxidizing  the 
barrier) 

Longevity  in  dimensionless  pore  volumes  (electron  donors/acceptors)  '. 

total  electron  donors/acceptors:  1.06  x  10'^  /[1. 05  x  10'^] 

=  1009  pore  volumes  (scenario  #1,  with  estimated  field  porosity  and  bulk  density) 

=  235  pore  volumes  (scenario  #2,  with  laboratory  porosity  and  bulk  density) 

An  estimated  longevity  in  years,  based  on  an  estimated  groundwater  flow  rate  (1.0  ft/day)  and  an 
average  reduced  sediment  barrier  diameter  of  30  ft  (site-specific  values). 

Longevity  in  years: 

30  ft  X  day/1.0  ft  x  1009  pore  vol  x  year/365.25  days  =  83  years  (scenario  #1) 

30  ft  X  day/1.0  ft  x  235  pore  vol  x  year/365.25  days  =  19  years  (scenario  #2). 

2.9  Description  of  Tasks 

NDMA  abiotic  and  coupled  degradation  mechanisms  will  be  investigated  over  four  tasks  in 
increasingly  complex  systems  from  mechanisms  in  purely  abiotic  systems  (Task  1),  biotic 
systems  (Task  2),  coupled  abiotic  and  biotic  processes  (Task  3),  and  upscaling  to  sequential 
reduced  then  oxic  environment  during  advective  flow  in  1-D  columns  (Task  4). 

Task  1  -  Abiotic  Degradation  of  NDMA.  In  this  task,  the  NDMA  degradation  mechanism  in 
chemically  reduced  natural  sediments  will  be  investigated  by  measurement  of  degradation 
products.  Preliminary  studies  (earlier  section)  show  that  NDMA  is  degraded  in  dithionite- 
reduced  natural  aquifer  sediments,  although  the  mechanism  and  pathway  were  not  determined. 
We  hypothesize  that  NDMA  is  degraded  by  sediment  minerals  containing  Fe^^.  Because  NDMA 
was  not  degraded  by  the  same  oxic  sediments,  the  chemical  reduction  likely  reduced  some 
mineral  ferric  iron.  Sodium  dithionite  is  known  to  reduce  ferric  iron  in  2:1  smectite  clays  (Stuck! 
et  al.  1984).  There  may  be  a  small  amount  of  H2  production  at  magnetite  surfaces  in  the  reduced 
sediment,  which  could  catalyze  NDMA  degradation  rate  through  reaction  with  H2.  Our  previous 
research  has  shown  that  limited  quantities  of  H2  can  be  produced  in  the  natural  subsurface 
abiotically  by  release  from  mafic  minerals  (Stevens  and  McKinley  2000). 

Experiments  in  this  task  are  designed  to  identify  the  reactive  phase  that  is  degrading  NDMA  in 
natural  sediments,  as  well  as  identify  the  degradation  pathway  (i.e.,  NDMA  reaction  products). 

In  the  first  subtask  (Task  1.1),  degradation  products  will  be  measured  in  systems  containing 
chemically  reduced  aquifer  sediments  (i.e.,  focus  is  on  the  NDMA  portion  of  the  redox  reaction). 
In  the  second  subtask  (Task  1.2),  ferric  and  ferrous  iron  minerals  in  natural  sediments  will  be 
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physically  and  chemically  separated  in  order  to  identify  the  reactive  phase.  In  addition,  the  third 
subtask  (Task  1.3)  will  address  the  role  of  H2  in  NDMA  degradation.  Finally,  the  longevity  of 
this  abiotic  NDMA  reduction  process  will  be  quantified.  Analysis  of  NDMA  and  its  byproducts 
at  low  concentrations  is  a  key  and  difficult  part  of  this  task.  We  will  begin  by  consulting  Charles 
Luce  at  Aerojet,  who  has  long  experience  with  NDMA  analysis.  PNNL  will  adapt  Aerojet 
methodology  for  analysis  of  NDMA  and  byproduct  for  which  analytical  protocols  are  known, 
and  will  additionally  develop  methods  as  needed. 

Task  1.1  -  Measurement  of  NDMA  Degradation  Products.  We  hypothesize  that  NDMA  is 
being  degraded  by  sediment  minerals  containing  Fe^^.  NDMA  is  known  to  be  degraded  by  Fe 
and  Fe/Ni  metals,  and  is  thought  to  reductively  degrade  in  the  presence  of  Fe  through  several 
potential  pathways  (Gui  et  al.  2000).  These  include  1)  catalytic  hydrogenation  to  form  DMA  and 
ammonia,  2)  two-electron  transfer  to  form  DMA  and  N2O  without  production  of  ammonia,  and 
3)  initial  reduction  across  the  N=0  bond  to  form  unsymmetrical  dimethylhydrazine  (UDMH) 
followed  by  DMA  and  ammonia.  We  hypothesize  that  the  third  pathway  could  occur  with 
ferrous  iron-containing  minerals  such  as  2:1  smectite  clays  or  H2  produced  from  mafic  minerals, 
so  UDMH,  DMA,  and  ammonia  are  the  most  likely  degradation  products. 

Degradation  products  that  will  be  measured  in  batch  studies  will  include  DMA  by  derivatization, 
then  ultraviolet  (UV)  absorption,  nitrous  oxide  by  gas  chromatography,  methane  by  gas 
chromatography,  ammonia  by  colorometric  or  ion  chromatography,  and  NDMA  and  UDMH  by 
liquid  chromatography.  NDMA  has  been  previously  measured  in  aqueous  solution  by  high 
performance  liquid  chromatography  (HPLC).  In  this  HPLC  method,  50  pL  of  the  sample  were 
injected  into  an  aqueous  stream  of  60%  water  and  40%  methanol  at  a  flow  rate  of  0.8  mL/min 
into  a  C-18  phase  bonded  silica  column  (ThermoHypersil  255-901,  250  x  4.6  mm).  NDMA 
detection  was  by  UV  absorption  at  235  nm  with  retention  times  of  4.1  minutes  (418.4  mAU/mg/L). 
Additionally,  NDMA  and  its  degradation  products  will  be  determined  using  HPLC  -  Electrospray 
ionization  triple  quadrapole  mass  spectrometry  (ABI/Sciex  Q  Trap).  Analytical  conditions 
similar  to  those  used  by  Hawaii  et  al.  (2002)  will  be  used.  This  analysis  will  enable  the  effects 
of  the  remediation  system  on  co-contaminants  (e.g.,  perchlorate)  to  also  be  determined. 

Geochemically  characterized  Aerojet  sediments  (200-  to  25 5 -ft  depth  composite)  or  other  aquifer 
sediments  will  be  used  to  conduct  the  time-course  NDMA  degradation  pathway  and  rate  studies 
in  batch  systems.  The  batch  experiments  consist  of  a  series  of  steps:  a)  sediment  reduction  by 
sodium  dithionite  for  120  hours;  b)  addition  of  reduced  sediment  and  NDMA-laden  water  to 
glass,  septa-top  vials  under  anaerobic  conditions;  and  c)  measurement  of  NDMA  and  degra¬ 
dation  products  of  the  aqueous  solution  at  specified  times.  A  range  of  NDMA  concentrations 
will  be  used  in  batch  experiments  (0.25-  to  5.4-mg/L  NDMA),  so  that  degradation  products  at 
sufficient  concentrations  can  be  analyzed. 

Task  1.2  -  Redox-Reactive  Minerals  in  Reduced  Sediments.  Given  the  successful  completion 
of  Task  1.1  (i.e.,  NDMA  degradation  products  are  identified,  which  indicates  a  pathway),  then  a 
more  clear  hypothesis  of  the  electron  donor  (i.e.,  ferrous  iron  minerals  in  the  sediment  or  H2 
generated  from  minerals)  will  be  established.  Since  we  hypothesize  that  a  potential  electron 
donor  is  ferrous  iron-containing  2:1  smectite  clays,  we  will  use  mechanical  size  separation  to 
separate  out  clay  minerals  from  the  sediment.  If  the  redox-reactive  phase(s)  were  evenly 
distributed  on  surfaces  and  there  was  no  influence  of  clays,  then  the  NDMA  dechlorination  rate 
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per  unit  surface  area  would  be  constant.  This  was  not  the  case  for  a  study  of  TCE  degradation; 
the  normalized  TCE  dechlorination  rate  was  greater  for  smaller  particles,  implying  that  clays 
were  be  more  reactive  per  unit  surface  area. 

In  addition,  sequential  chemical  extractions  will  be  used  to  strip  off  different  iron  oxides  or  iron- 
containing  phases,  leaving  clays  to  determine  whether  adsorbed  or  structural  ferrous  iron 
controls  NDMA  reactivity.  At  each  step  of  the  way,  the  remaining  NDMA  reactivity  will  be 
measured  with  a  relatively  simple  batch  experiment. 
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In  an  example  with  TCE,  the  reduced 
<30-m  fraction  of  a  natural  sediment  (no 
extractions)  quickly  reduced  TCE  (half-life 
2.67  hours;  Figure  2.7,  diamonds).  TCE 
was  dechlorinated  14  times  slower  when 
adsorbed  Fe  was  removed  (triangles), 
again  indicating  adsorbed  Fe^^  was  the 
main  electron  donor,  but  some  reactivity 
remained.  Because  Fe^^  may  be  adsorbed 
to  iron  oxides  or  clays,  additional  extrac¬ 
tions  were  used  to  sequentially  remove 
most  of  the  amorphous  and  crystalline  iron 

oxides,  leaving  predominantly  clay.  These  additional  sequential  extractions  (NH20H*HC1, 

DCB)  all  resulted  in  reduction  of  all  TCE  reactivity  (no  acetylene  observed).  These  results  imply 
that  the  any  reduced  structural  iron  in  the  7%  clays  present  in  this  sediment  had  little  reactivity. 
The  role  of  the  2: 1  smectite  clays  may  be  significantly  different  for  NDMA  degradation,  since 
there  is  no  direct  link  between  NDMA  degradation  and  adsorbed  ferrous  iron  (which  there  is  for 
TCE).  In  a  similar  study,  reduction  of  nitroaromatics  was  caused  both  by  adsorbed  iron  on  edge 
surfaces  of  clays  as  well  as  structural  iron  in  the  2:1  smectite  clays  (Hofstetter  et  al.  1999,  2003). 


Figure  2.7.  TCE  degradation  to  acetylene  in  the  82% 
clay  (<30  micron)  fraction  of  reduced  sediment 
(Szecsody  et  al.  2004). 


Iron  extractions  will  be  conducted  on  untreated  and  dithionite-treated  sediments  in  an  anerobic 
chamber  consisting  of:  a)  1  M  CaCl2  (Fe”  ion  exchangeable)  (Heron  et  al.  1994);  b)  0.5  M  HCl; 
c)  NH2OH,  HCl  (Chao  et  al.  1983);  d)  ammonium  oxalate;  e)  Ti-EDTA;  f)  dithionite-citrate- 
bicarbonate  (DCB);  and  g)  5  M  HCl.  Aqueous  Fe”  and  Fetotai  from  extractions  were  quantified 
by  ferrozine  (Gibbs  1976),  where  Fetotai  (Fe”+Fe”^)  samples  reduced  aqueous  Fe”^  to  Fe”  by 
0.025  M  NH2OH,  HCl.  Extracted  Fe”^  was  the  difference  between  Fetotai  and  Fe”.  The 
Fe”C03  +  FeS  ferrous  phase  was  defined  by  the  0.5  M  HCl  minus  the  1  M  CaCF  extraction. 
Amorphous  and  poorly  crystalline  Fe”^  oxides  were  defined  by  the  ammonium  oxalate  and 
NH2OH,  HCl  extractions,  and  crystalline  Fe”^  oxides  were  defined  by  the  DCB  minus  the 
NH2OH,  HCl  extraction.  Total  Fe”  and  Fe”^  oxides  and  carbonates  were  defined  by  the  5M  HCl 
extraction. 


Task  1.3  -  Controlled  H2  Experiments  for  NDMA  Degradation.  There  may  be  a  small  amount 
of  H2  production  at  magnetite  surfaces  in  the  reduced  sediment,  which  could  catalyze  NDMA 
degradation  rate  through  reaction  with  H2.  Our  previous  research  has  shown  that  limited 
quantities  of  H2  can  be  produced  in  the  natural  subsurface  abiotically  by  release  from  mafic 
minerals  (Stevens  and  McKinley  2000).  Dithionite-reduced  sediment  can  achieve  a  moderate 
reducing  environment  (-230  mv),  and  the  Eh  can  be  adjusted  between  0  and  -230  mv  by  the 
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amount  of  reduction.  Previous  laboratory  experiments  with  a  mixture  of  zero  valent  iron  and 
natural  sediment  showed  that  only  a  moderate  reducing  environment  (-50  mV)  was  necessary  for 
mineralization  and  that  more  highly  reduced  conditions  did  not  increase  the  mineralization  rate 
(Singh  et  al.  1999).  Because  one  hypothesis  that  is  causing  NDMA  degradation  is  H2  generated 
by  mafic  minerals,  we  will  determine  the  relationship  between  the  H2  present  in  a  system  and  the 
NDMA  degradation  rate  with  a  bench-scale  Eh-pH  stat  system  (Petrie  et  al.  1998). 

Task  1.4  -  Long-Term  Performance  of  NDMA  Abiotic  Degradation  by  Reduced  Sediments. 
For  this  abiotic  (or  coupled  abiotic/biotic)  process  to  be  a  viable  technology  at  the  field  scale, 
NDMA  needs  to  be  degraded  for  hundreds  of  pore  volumes  in  the  reduced  sediment  barrier. 

For  any  chemically  reduced  sediment,  the  sediment  reductive  capacity  is  measured  by  oxidizing 
the  sediment  with  air-saturated  water,  as  previously  described  in  the  background  section 
(Figure  2.6).  Most  sediments  range  from  200  to  1000  pore  volumes  of  reductive  capacity.  In 
this  subtask,  the  NDMA  degradation  rate  will  be  measured  as  reduced  sediment  is  oxidized  over 
hundreds  to  thousands  of  pore  volumes.  This  will  be  accomplished  by  collecting  NDMA 
degradation  rate  data  at  0,  50,  100,  200,  and  300  pore  volumes  (given  that  it  takes  300  pore 
volumes  to  frilly  oxidize  the  sediment).  A  specific  sediment-NDMA  contact  time  is  needed  to 
achieve  degradation  (e.g.,  100  hours),  so  instead  of  conducting  a  3000-hour  experiment,  the 
experiment  was  accomplished  efficiently  by:  a)  100-hour  residence  time  for  5  pore  volumes  to 
collect  NDMA  samples,  b)  followed  by  0.5-hour  residence  time  for  45  pore  volumes  of  oxygen- 
saturated  water  to  oxidize  the  sediment,  and  c)  repeating  the  cycle.  An  example  of  this  type  of 
experiment  is  illustrated  in  Figure  2.8  with 
TCE  dechlorination  to  acetylene,  then 
ethylene  by  chemically  reduced  sediment. 

As  the  sediment  is  oxidized  over  250  pore 
volumes,  the  mass  of  degradation  products 
decreased  (i.e.,  rate  of  TCE  degradation 
decreased).  The  conclusion  was  that 
although  the  sediment  ferrous  iron  will 
consume  oxygen  for  250  pore  volumes,  it 
will  degrade  TCE  for  only  about  half  that 
number  of  pore  volumes,  likely  because 
sufficient  reducing  conditions  to  catalyze 
TCE  no  longer  occur. 

The  column  experimental  system  for  these  proposed  NDMA  degradation  studies  is  designed  to 
minimize  mass  losses  to  volatilization  and  diffusion,  because  some  degradation  products  had 
moderate  to  high  vapor  pressures.  The  column  influent,  consisting  of  groundwater  containing 
NDMA  will  be  contained  in  a  5-L  metalized  bag.  Influent  and  effluent  will  be  monitored  over 
experiments  ranging  from  200  to  1400  hours  shown.  Effluent  will  be  collected  in  154-mL 
anaerobic  vials  with  10-mm-thick  septa  tops  (no  exposure  to  air.  Figure  2.9).  The  flow  rate  will 
be  measured  from  the  sample  volume  and  elapsed  time.  An  automated  switching  valve  was  used 
to  collect  the  samples  over  24-  or  48-hour  intervals.  Materials  used  in  the  column  system  were 
stainless  steel  or  PEEK,  both  of  which  have  extremely  low  permeabilities  to  organic  compounds. 
Dissolved  oxygen  was  monitored  during  this  experiment  with  in-line  electrodes,  as  described 
earlier.  NDMA  and  degradation  products  measured  in  the  inlet  and  effluent  samples  will  be 
measured  by  methods  determined  in  Task  1.1. 
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Figure  2.8.  TCE  long-term  dechlorination  in  reduced 
sediment,  as  shown  by  acetylene  and  ethylene 
degradation  products  (Szecsody  et  al.  2000,  2004). 
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Task  2  -  Microbial  Degradation  of  NDMA. 

Native  soil  microorganisms  may  affect  NDMA  in  at 
least  three  ways.  First,  as  discussed  above,  micro¬ 
organisms  can  directly  attack  and  mineralize  NDMA. 
Second,  microorganisms  may  mineralize  the  products 
of  NDMA  that  results  from  its  chemical  reduction. 
Third,  the  general  respiration  of  the  subsurface 
microbial  community  on  all  the  substrates  available 
to  them  will  help  poise  the  redox  conditions  in  the 
soil  environment.  In  this  context,  the  biological 
production  of  H2  and  its  effect  on  NDMA  reduction 
(see  Task  1.3)  and  long-term  sustainment  of  the 
reduced  semi-permeable  barrier  are  important 
practical  issues. 

Task  2.1  -  NDMA  Biodegradation  in  a  Microbe/Sediment  System.  NDMA  biodegradation  will 
be  studied  in  soil  slurry  microcosms  using  an  experimental  design  that  enabled  direct  measure¬ 
ments  of  mineralization  potential,  rates  of  lose  of  NDMA,  and  identification  of  some  degradation 
products.  These  slurry  experiments  will  be  conducted  with  and  without  prior  chemical  reduction. 

A  modified  version  of  the  method  developed  by  Fulthorpe  et  al.  (1996)  and  detailed  in 
Ringelberg  et  al.  (2001)  will  be  used  to  assess  microbial  NDMA  potentials.  Two  grams  (wet 
weight)  of  slurry  material,  from  each  respective  soil,  will  be  placed  into  15-ml  Teflon-lined 
screw  cap  test  tubes  to  which  will  be  added  2.7  mL  of  a  modified  Stanier’s  Basal  media  (or 
groundwater)  and  a  tracer  amount  of  the  '"^C-NDMA.  These  slurry  microcosms  will  be  run  in 
triplicate  and  spiked  with  20,000  dpm  of  *"^C-NDMA  (N-[methyl-''^C];  >95%  radiochemical 
purity;  Sigma  Chemical  Co,  St.  Louis,  MO)  at  a  specific  activity  of  56.0  mCi/mmole.  Glass 
fiber  filters  (Whatman,  Maidstone,  UK),  10-mm  diameter,  saturated  in  1-M  barium  hydroxide 
will  be  used  to  trap  evolved  *"^C02.  Test  tubes  will  be  incubated  at  20‘’C  on  a  tube  roller  inclined 
at  45  degrees  and  rotated  at  10  rpm.  The  BaOH  saturated  filters  will  be  collected  daily  over  a 
30-day  period  and  placed  into  1.5  ml  of  scintillation  cocktail  (Ultima  Gold,  Packard  Instruments 
Co.,  Downers  Grove,  IL)  before  counting  on  a  top  count  microplate  scintillation  counter 
(Packard  Instrument  Co.,  Downers  Grove,  IL).  Filters  will  be  counted  twice,  and  counts  will  be 
corrected  for  background  and  counting  efficiency  using  the  external  standard  method  described 
by  the  manufacturer. 

Replicate  soil  slurry  microcosms  were  collected  and  analyzed  on  days  1,  3,  7,  10,  14,  18,  21,  25, 
and  30.  Test  tubes  will  be  centrifuged  to  pellet  the  soils.  Samples  of  the  water  will  be  taken  for 
NDMA  HPLC  analysis  as  described  above.  Samples  of  the  water  and  sediment  will  be  taken  and 
analyzed  by  liquid  scintillation  counting  for  constructing  *"^C  mass  balances.  This  entire  experi¬ 
mental  setup  will  also  be  place  in  a  Coy  glove  bag  under  an  atmosphere  of  oxygen-free  carbon 
dioxide/nitrogen  to  determine  the  effects  of  anoxia  on  NDMA  biodegradation. 

Task  2.2  -  NDMA  Biodegradation  by  Microbial  Isolates.  Microbial  communities  in  soil  slurry 
microcosms  showing  the  best  rates  of  *"^C-NDMA  mineralization  will  be  selectively  enriched 
using  two  different  approaches.  In  the  first  approach,  samples  of  the  actively  '"^C-NDMA 
mineralizing  soil  slurries  will  be  transferred  into  modified  Stanier’s  basal  salts  solutions 
containing  '"^C-NDMA  as  either  the  sole  nitrogen  (added  acetate  and  glucose)  of  sole  carbon 


Figure  2.9.  Collection  of  column  effluent 
in  anaerobic  vials. 
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source.  Turbidity  and  will  be  used  as  makers  for  NDMA  degradation  activity.  Tubes 
showing  NDMA  degradation  activity  will  be  repeated  transferred  to  fresh  media  until  a  stable 
consortia  of  pure  cultures  are  obtained.  The  second  approach  to  enriching  and  isolating  NDMA 
degrading  microorganisms  is  the  same  as  the  first  except  that  the  actively  NDMA  degrading 
slurry  is  first  serially  diluted  before  enrichment  with  NDMA  as  the  sole  carbon  or  nitrogen 
source.  This  enrichment  scheme  favors  NDMA  degraders  that  may  be  a  minority  in  the  original 
slurry. 

In  both  Tasks  2.1  and  2.2,  the  microbial  community  biomass  and  community  composition  will  be 
determined  using  polar  membrane  lipid  fatty  acids.  Briefly,  a  2  g  (wet  weight)  aliquot  from  5  g 
total  (per  reactor)  of  slurry  material  will  be  extracted  for  3  hours  at  room  temperature  in  6  ml  of  a 
mixture  of  dichloromethane: methanol: water  (1:2:0. 8,  v:v:v).  Amino-propyl  solid  phase 
extraction  columns  (Supelco,  Bellefonte,  PA)  will  be  used  to  separate  the  total  lipid  into  neutral, 
glyco-  and  polar  lipid  fractions.  Phospholipid  fatty  acid  methyl  esters  (from  the  polar  lipid 
fraction)  will  be  prepared  for  gas  chromatography/mass  spectrometry  (GC/MS)  by  mild  alkaline 
methanolic  transesterification.  The  resulting  phospholipid  fatty  acid  methyl  esters  will  be 
dissolved  in  hexane  containing  methyl  nonadecanoate  (50  pmol  pL'^)  as  an  internal  standard  and 
analyzed  using  a  gas  chromatograph  equipped  with  a  50-m  x  0.25-mm  (inside  diameter  [ID]) 
DB-I  capillary  column  (0.1 -pm  film  thickness,  J&W  Scientific,  Folsom,  CA)  and  a  flame 
ionization  detector.  Peak  identities  will  be  confirmed  using  a  gas  chromatograph-mass  selective 
detector  (Hewlett  Packard  GC6890-5973  MSD)  with  electron  impact  ionization  at  70eV.  Areas 
under  the  peaks  will  be  converted  to  concentrations,  summed  and  then  normalized  to  the  gram 
weight  extracted  for  biomass  determinations.  For  community  comparisons,  the  percent 
contribution  of  each  peak  will  be  calculated  and  then  normalized  using  an  arcsine  square  root 
transformation. 

Task  3  -  Coupled  Abiotic/Biotic  Degradation  of  NDMA.  The  details  of  activities  under  this 
task  are  contingent  on  results  of  the  abiotic  and  biotic  degradation  investigations  (i.e.,  go/no 
decisions  of  Tasks  1  and  2  affect  this  task).  Preliminary  results,  however,  are  sufficient  to  pose  a 
hypothetical  set  of  activities  for  experimental  evaluation  of  mixed  biotic  and  abiotic  NDMA 
degradation.  We  hypothesize  that  the  chemical  reduction  of  sediments  creates  a  “preconditioned” 
reduced  zone  and  the  microbial  population  within  or  downgradient  can  be  stimulated  to: 

•  utilize  SO4  produced  from  dithionite  reacting  with  iron  oxides  as  an  electron  acceptor 

•  utilize  NDMA  as  a  cosubstrate  rather  than  the  primary  electron  donor  (i.e.,  addition  of  a 
specific  electron  donor  with  a  similar  reductase  as  NDMA) 

•  drive  the  reducing  conditions  sufficiently  negative  to  generate  significant  H2. 

The  preliminary  results  of  abiotic  experimentation  (Task  1)  indicated  that  NDMA  was  degraded 
by  ISRM  treated  sediments  in  the  subsurface.  In  field  trials,  it  has  been  shown  that  a  single 
injection  of  dithionite  delivers  13,000  mole  equivalents  of  reducing  capacity,  resulting  in  a  total 
reducing  capacity  in  the  in  situ  sediment  of  ~6,500  mole  equivalents;  the  injection  is  50% 
efficient  (Vermeul  et  al.  2002).  The  distribution  of  reducing  capacity  may  be  manipulated  by 
varying  the  concentration  of  dithionite  and  the  injection  rate  of  the  reducing  solution  into  the 
subsurface  (Chilakapati  et  al.  2000).  In  Task  1,  we  will  have  determined  the  abiotic  degradation 
pathway  and  optimized  the  degradation  process  in  the  laboratory.  In  addition,  within  a  funded 
SERDP  project  (Enhancement  of  In  Situ  Bioremediation  of  Energetic  Compounds  by  Coupled 
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Abiotic/Biotic  Processes,  CU-1376,  FY04  -  FY06),  the  coupled  abiotic/biotic  degradation  of 
energetics  will  be  investigated  by  some  of  the  scientists  in  this  proposed  project,  specifically  by 
modifying  the  dithionite  injection  strategy  to  enhance  microbial  survival.  Results  of  that  project 
(differing  chemical  composition  or  injection  strategy  to  maximize  microbial  survival,  where  the 
microbes  are  capable  of  energetic  degradation)  will  be  applied  to  this  coupled  NDMA 
degradation  task. 

We  may  assume  also  that  NDMA,  at  the  trace  concentrations  present  in  Aerojet  groundwater, 
will  be  degraded  with  some  efficiency  by  indigenous  bacteria,  if  the  bacteria  are  stimulated  by 
the  introduction  of  the  appropriate  electron  donor  (Task  2).  These  bacteria  would  not  be 
expected  to  degrade  NDMA  specifically,  but  if  they  are  presented  with  NDMA  as  a  component 
of  a  nutrient-rich  mixture,  it  is  likely  to  be  incidentally  degraded  along  with  the  abundant 
electron  donor.  The  efficiency  of  this  process  will  have  been  investigated  and  optimized  under 
laboratory  conditions  in  Task  2. 

There  is  some  laboratory-  and  field-scale  evidence  that  the  dithionite  treatment  of  sediments  kills 
some  of  the  microbial  population,  but  that  the  surviving  fraction  can  function  and  biodegrade 
compounds  including  energetics.  The  introduction  of  large  quantities  of  dithionite  at  a  pH  of  10 
to  1 1,  itself  degrading  to  form  several  reactive  intermediates  while  reducing  sedimentary  Fe(III), 
could  sterilize  the  impacted  sedimentary  environment.  This  does  not  seem  to  be  the  case.  Field 
experiments  suggest  that  the  microbial  community  survives,  and  microbial  degradation  of  the 
explosive  RDX  has  been  shown  to  occur  after  injection.  At  Ft.  Lewis,  Washington,  for  example, 
the  injection  of  dithionite  to  reduce  the  aquifer  system  resulted  in  the  reduction  of  in  situ  bacteria 
from  2  X  10^  cfri  mf*  of  groundwater  to  6  x  10^  cfu  mf*  of  groundwater;  i.e.,  30%  of  the 
indigenous  population  survived.  There  is  parallel  laboratory-scale  evidence  that  indicates  that 
dithionite-reduced  sediments  can  still  biodegrade  energetics.  Although  RDX  is  known  to  be 
degraded  abiotically  in  sediments  after  dithionite  injection,  the  mineralization  of  RDX  to  CO2  is 

not  possible  via  an  abiotic  pathway.  In 
sediments  injected  with  dithionite,  after  a 
lag  for  microbial  recovery,  RDX  was 
observed  to  undergo  mineralization 
(Figure  2.10).  It  is  not  known  at  present 
from  these  experiments  what  the  potential 
viability  of  the  surviving  population  is  for 
degrading  NDMA.  However,  these  results 
suggest  that  a  biotic/abiotic  field  process 
could  significantly  remove  NDMA  from 
contaminated  aquifer  systems. 

The  conceptual  approach  to  implementing  a  coupled  biotic/abiotic  remediation  of  NDMA  is 
straightforward.  The  appropriate  concentrations  of  dithionite  and  ethanol  would  be  injected  to 
form  a  permeable  redox  barrier  in  the  subsurface.  Abiotic  reduction  of  NDMA  would  occur  as 
it  was  advected  into  the  barrier,  and  biotic  reduction  would  follow  after  a  lag  for  microbial 
community  recovery  from  the  injection.  What  is  not  known  is  the  relative  significance  of  the 
two  processes.  The  abiotic  pathway  may  be  the  most  significant.  In  that  case,  the  expected  life 
of  the  barrier  would  be  affected  by  the  function  of  microbiota  in  removing  potentially  oxidizing 
species  such  as  nitrate  or  oxygen.  Alternatively,  the  biotic  pathway  may  be  more  significant 
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Figure  2.10.  Initial  abiotic  degradation  of  RDX 
followed  by  biodegradation  of  intermediates. 
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over  time  than  the  abiotic  one.  In  that  case,  the  injection  of  dithionite  might  act  to  ‘prime’  the 
subsurface  ecosystem  by  inducing  an  anaerobic  environment.  The  reduced  sediment  zone  would 
act  as  a  buffer  for  the  anaerobes,  and  utilization  of  the  co-injected  ethanol  would  drive  the 
reduction  of  NDMA.  Ethanol  could  be  renewed  by  repeated  injections  either  into  the  barrier 
directly  or  by  supplement  to  the  contaminated  groundwater  upgradient  of  the  barrier.  The  barrier 
capacity  will  be  200  to  1000  pore  volumes,  and  the  activity  of  an  anaerobic  community  could 
prolong  its  temporal  lifetime  by  limiting  the  impact  of  dissolved  oxygen. 

Laboratory  experiments  under  this  task  would  be  conducted  to  evaluate  and  optimize  the  com¬ 
bined  impact  of  biotic  and  abiotic  treatments  of  NDMA  in  the  subsurface.  The  experimental 
protocols  would  be  similar  to  those  used  in  Tasks  1  and  2,  but  they  would  be  conducted 
simultaneously  and  in  combination.  The  goal  of  this  experimentation  would  be  final  conceptual¬ 
ization  and  design  for  Task  4. 

Task  4  -  Large  1-D  Laboratory-Scale  Demonstration  of  NDMA  Degradation  and 
Mineralization.  Given  the  success  in  laboratory-scale  abiotic  (Task  1)  or  coupled  (Tasks  2  and 
3)  NDMA  degradation  experiments,  then  a  small  field-scale  demonstration  of  the  abiotic  only 
(i.e.,  sodium  dithionite  injection)  or  coupled  abiotic/biotic  technology  was  originally  proposed. 
Although  abiotic  degradation  of  NDMA  to  DMA  (Task  1)  was  rapid,  the  lack  of  control  of  the 
degradation  intermediates  (DMA  is  not  toxic,  but  other  intermediates  are)  lead  to  the  conclusion 
that  mineralization  of  NDMA  is  the  lowest  risk  of  a  remediation  technology.  Therefore,  Task  4 
was  rescoped  to  coupled  abiotic/biotic  experiments  conducted  in  Task  3  were  upscaled  to  large 
1-D  columns  with  an  upgradient  reduced  sediment  column  and  a  downgradient  oxic  sediment 
column.  The  NDMA  degradation  and  mineralization  rate  and  longevity  was  investigated  in  these 
sequential  reduced/oxic  systems  (series  of  15  separate  column  systems). 
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3.0  Experimental  Methods 


3.1  Task  1  -  Abiotic  Degradation  of  NDMA 

3.1.1  Measure  Degradation  Products  NDMA  analysis  by  HPLC 

NDMA  at  concentrations  of  50-  to  0.1 -mg  L  '  concentrations  were  measured  using  HPLC 
methods.  NDMA  and  possible  degradation  products  were  measured  in  aqueous  solution  by 
liquid  chromatography  by  an  HPLC  method  (modification  of  U.S.  Environmental  Protection 
Agency  [EPA]  Method  8330,  HPLC  Analysis  of  Explosives)  and  by  liquid  chromatography/mass 
spectrometry  (LC-MS)/MS.  With  this  HPLC  system,  compounds  that  are  more  polar  or  of  lower 
molecular  weight  will  elude  sooner  than  NDMA.  Detection  was  by  UV  absorption  at  235  nm 
with  retention  times  of  2.7  minutes  (unknown  1),  2.8  minutes  (unknown  2),  3.0  minutes 
(unknown  3),  and  5.60  minutes  for  NDMA.  The  specific  conditions  of  the  HPLC  system  include: 

•  Keystone  NA  C-18  column,  250  mm  x  4.6  mm 

•  40%  methanol,  60%  water  (isocratic),  degassed  with  continuous  helium 

•  flow  rate  0.8  mL/min,  2200  psi,  HP1050  series  HPLC  pump 

•  samples  in  1 .5-mL  HDPE  vials,  50-pL  injection  volume 

•  UV  detection  at  230  nm,  HP  1050  series  multiple  wavelength  detector. 

Calibration  of  NDMA  from  0.1  to  100  mg/L  was 
linear  to  50  mg/L  (Figure  3.1),  and  most  experiments 
were  conducted  with  an  initial  NDMA  concentration 
of  5  mg/L.  Calibration  at  higher  concentration  (to 
100  mg/L)  was  nonlinear,  but  could  be  accomplished 
with  a  power  function  fit.  Additional  calibration  of 
NDMA  (3  to  0.06  mg/L,  Figure  3.2)  was  essentially 
the  same,  and  showed  the  lower  reliable  detection 
limit  of  0.07  mg/L,  with  an  average  standard 
deviation  of  1.0%  (placed  on  graphs  with  NDMA 
analysis). 

3.1 .1.1  NDMA  by  Scintillation  Counting 

A  total  of  5  mCi  of  '"^C-labeled  NDMA  was 
purchased  for  experiments  at  PNNL  and  WES.  Due 
to  the  high  specific  activity  of  this  labeled  compound  (56  mCi/mmol,  thanks  to  Perkin  Elmer/ 
New  England  Nuclear),  concentrations  down  to  0.3  ppt  could  be  analyzed.  Experiment  samples 
were  analyzed  for:  a)  total  aqueous  '"^C  (aqueous  NDMA  and  aqueous  degradation  products), 
b)  aqueous  NDMA  (method  described  below),  c)  gas  phase  CO2  generated  during  degradation, 
d)  adsorbed  NDMA  and  adsorbed  aqueous  degradation  products  (methanol/water  extraction; 
described  below),  and  e)  '"^C  incorporated  into  microbes  (NaOH  extraction;  described  below). 
'"^C-labeled  samples  were  analyzed  from  experiments  at  times  ranging  from  30  seconds  to 
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1000  hours.  Total  aqueous  involved 
removing  an  ~0.5-mL  sample  of  the 
aqueous  experiment  solution,  filtering,  and 
analyzing  by  scintillation  counting.  In 
many  experiments,  multiple  samples  were 
taken  from  the  same  experiment,  so  sam¬ 
pling  reduced  the  volume  of  the  experi¬ 
ment  (to  some  extent),  and  the  mass  of 
liquid  and  removed  was  accounted  for 
in  subsequent  samples.  Carbon  dioxide 
(gas  phase)  generated  from  mineralization 
of  NDMA  and  intermediates  was  analyzed 
by  the  use  of  a  CO2  trap  in  the  experimental  vial.  These  traps  contained  0.25  mL  of  1.0  mol/L 
NaOH.  At  specified  times,  the  NaOH  was  extracted  from  the  trap  without  uncapping  the  vial 
(with  a  needle  through  the  septa)  and  counted  for  '"^C-labeled  carbon  dioxide.  The  purpose  of 
maintaining  the  vial  seal  was  to  keep  gas-phase  reaction  products  in  the  system.  In  this  case,  the 
aqueous  volume  of  the  system  is  unchanged  by  sampling,  but  there  is  mass  removal,  so  the 
cumulative  amount  of  extracted  over  time  was  accounted  for. 

NDMA  ('"^C-labeled)  was  measured  by  removing  a  1.5-mL  sample  at  specified  times  from  the 
system  and  injecting  it  into  a  preparatory-scale  HPLC  system,  which  contained  a  Cl 8  column  (as 
described  above  for  HPLC  analysis  of  NDMA)  with  a  12%  methanol/88%  water  mobile  phase. 
While  the  HPLC  system  used  a  4.6-mm  diameter  by  250-mm  length  column  (4. 1  cm^  total 
volume),  the  preparatory-scale  HPLC  system  used  a  1 1-mm  diameter  by  476-mm  length 
(41.1  cm^  total  volume)  column  that  was  10  times  the  volume.  This  enabled  injection  of  a 
l.O-mL  sample  (compared  to  50  to  100  pL  sample  for  the  HPLC),  with  clear  separation  of 
NDMA  from  other  aqueous  degradation  products  and  collection  of  a  13-mL  sample.  This  13-mL 
sample  was  then  counted  in  a  scintillation  counter.  Two  different  scintillation  counters  will  be 
used  to  achieve  the  parts  per  trillion  NDMA  levels.  The  current  scintillation  counter  (used  for 
most  experiments)  has  a  background  level  of  13  counts  per  minute  (background  radiation),  so 
2.5-ppt  NDMA  is  near  the  lower  detection  limits,  even  when  counting  for  3  hours.  The  second 

scintillation  counter  is  a  specialized  low- 
level  counter  with  extensive  shielding  to 
lower  the  background  radiation  consid¬ 
erably.  This  counter  is  likely  to  achieve 
<l-ppt  NDMA  levels  of  counting.  Separa¬ 
tion  of  NDMA  is  shown  in  Figure  3.3,  with 
nonradioactive  NDMA  injection  and  a 
flow  through  UV  detector  (i.e.,  y-axis 
represents  relative  UV  absorbance,  offset 
between  injections  for  clarity).  The 
NDMA  peak  (4  to  7  minutes  or  a  13  g 
collection  after  39  g)  is  collected  separately 
for  analysis  by  scintillation  counting. 
Dimethylamine  (NDMA  degradation 
product)  was  eluting  at  ~2.5  minutes. 


S126:  NDMA  in  40  mL  C18  Column,  12%  MeOH 
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Figure  3.3.  NDMA  labeled)  separation  on  a 
preparatory-scale  HPLC  NDMA  analysis  to  parts  per 
trillion  levels. 


3  injections: 

1.0mLx25  mg/LNDMA 
-  Q  =  5.0  mL/min 
12%  MeOH/88%  H20 

start  peak  39  g 


columns: 

1.0  cm  dia  x  25  cm 
1.1  cm  dia  x  22.6  cm 
^41.12cm3  tot,  pv=16.45 

en^  pe^  52  g  i 


W95;  HPLC  Cal.  for  NDMA  from  stock  ampule  (5000  mg/L  in  MeOH) 
1.0  mg/L  NDMA  =>  0.6  mg/L  DMA  (complete  deg.) 

100CL  NDMA  in  water  from  5000  mg/L  stock  ampule 
Conducted  09/08/06  by  BJD 
(average  RT  5.1  min) 

Phenomonex  Bondclone  10,  C-18,  100A, 

300x3.9mm  col.  50  pL  inj.  0.8  mL/min 
40%  MeOH/60%  Dl  H  O 
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Figure  3.2.  NDMA  calibration  by  HPLC-UV 
detection  to  3  mg/L. 
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For  mineralization  experiments  in  the  2.5-  to  0.25-ppm  range,  cold  NDMA  stock  was  added  to 
the  '"^C-labeled  NDMA.  For  25-ppb  to  2.5-ppt  experiments,  the  NDMA  concentration  from  only 
the  '"^C-labeled  compound  was  used.  Standard  mineralization  experiments  were  used  for 
2.5-ppm  to  250-ppt  experiments,  with  6  mL  of  solution  (with  400-  to  5000-dpm/mL  activity 
from  NDMA)  and  1.0  g  of  sediment.  For  25-  and  2.5-ppt  experiments,  significantly  more 
solution  was  added  (100  mL)  containing  42  dpm/mL  (25  ppt)  or  4.2  dpm/mL  (2.5  ppt)  with 
16.5  g  of  sediment  to  have  sufficient  activity  above  background  for  meaningful  experiments. 
The  0.25-mL  CO2  traps  essentially  concentrate  the  activity  significantly,  so  the  total 
activity  in  each  bottle,  if  100%  mineralized  would  be  in  the  CO2  trap.  For  the  2 5 -ppt  experiment, 
the  total  counts  in  the  experiment  was  4200,  and  for  the  2.5-ppt  experiment,  420  counts.  If  the 
minimum  mineralization  precision  is  1%  (i.e.,  1%  of  the  420  counts),  then  the  4.2  dpm/mL  is 
still  possible  to  separate  from  the  13-dpm/mL  background  (to  a  statistical  confidence  interval  of 
0.2%). 


Four  NDMA  degradation  batch  experiments  were  conducted  with  '"^C-labeled  NDMA  with 
reduced  Aerojet  sediment.  The  starting  concentration  of  these  experiment  were  2.5  ppm,  36  ppb 
(maximum  observed  concentration  in  groundwater  at  the  Aerojet,  CA  site),  100  ppt,  and  10  ppt. 
In  each  experiment,  the  total  aqueous  NDMA,  and  mineralization  was  measured  at  specified 
times  ranging  from  24  to  2000  hours.  At  the  end  of  the  experiment  (2000  hours),  extractions 
were  then  conducted  of  the  sediment  to  measure  the  amount  of  NDMA  sorbed  onto  the  sediment 
surface  (considered  very  minimal,  based  on  earlier  IQ  measurements  on  the  same  sediment)  and 
on  the  microbial  surface,  and  to  measure  the  amount  of  carbon  ('"^C-labeled)  incorporated  into 
microbes.  These  extractions  were  described  earlier,  and  consisted  of  a  methanol/water  mixture 
for  sorbed  phase  extraction  (1-hour  mix,  then  filtering  before  analysis),  and  a  2-M  NaOH 
extraction  (to  dissolve  microbes),  with  filtering  before  analysis. 

3.1 .1 .2  DMA  and  UDMH  Analysis 

Two  different  DMA  derivatization  methods  were  considered: 


•  DMA  and  9-fluorenymethylchloroformate:  Lopez  et  al.  (1996) 

•  DMA  and  2,4-dinitrofiorobenzene  (DNFB)  or  Stanger’s  reagent:  Gui  et  al.  (2000). 

Due  to  simplicity,  the  derivatization  method  with  DNFB  was  used.  The  method  was  modified 
from  this  original  reference  to  be  able  to  get  to  lower  detection  limits.  The  original  method  uses 
the  DMA  sample  and  50: 1  molar  ratio  excess  of  DNFB,  and  some  additional  reagents 
(acetonitrile  and  NaOH).  While  this  method  worked  fine  for  high  DMA  concentrations,  the  size 
of  the  DNFB  peak  was  large  relative  to  the  DMA  peak,  so  limited  DMA  low  concentration 
analysis.  It  was  determined  that  lowering  the  DNFB/DMA  molar  ratio  from  50/1  to  20/1  solved 
this  problem.  As  shown  in  Figure  3.4a,  DMA  analysis  (derivatized  the  DNFB)  produced  the 
same  area  counts  with  DNFB/DMA  molar  ratios  ranging  from  10  to  60.  However,  with  molar 
ratios  of  >50,  the  size  of  the  DNFB  peak  was  5  times  larger  than  the  DMA  peak  (Figure  3.4b,  at 
0.3-mg/L  DMA),  but  using  a  lower  25/1  DNFB/DMA  ratio  resulted  in  similar  areas  (on  HPLC 
analysis),  so  that  a  lower  DMA  area  could  be  measured. 
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The  DMA  HPLC  calibration  curve  with  the  modified  DNFB  reagents  (Figure  3.5)  shows  linear 
response  fi'om  3-  to  0.06-mg/L  DMA  (detection  limit  -0.01 -mg/L  DMA).  The  same 
derivatization  agent  (DNFB)  can  be  used  for  UDMH,  and  some  work  was  done  to  develop  this 
method.  This  was  abandoned  as  it  was  decided  that  UDMH  appearance  was  highly  unlikely 
(only  shown  as  a  degradation  products  under  acidic  conditions). 


W94;  HPLC  Cal.  for  DMA  from  2.0M  stock  (90160  mg/L  in  water)  0-2.5  mg/L 
DNFB:DMA  (moLmol)  >50 

Idimethylamine  (DMA)  in  water,  pre-col.  deriv.  0.625:1  net  dil. 

using  0.002  M  (net)  Sangers's  Reagent  (DNFB),  DMA  (mg/L)  HPLC 

-  Conducted  08/30/06  by  BJD  0.06 _ e 

(average  DMA  deriv.  RT  8.0  min)  0.06  C 

Phenomonex  Bondclone  10,  C-18,  100A,  0^06  I 

300x3. 9mm  col.  50  |aL  inj.  0.8  mL/min  0^29 - f 

60%  MeOH/40%  (0.2%)  Acetic  AcjdU  - - r 

^  0.29  1 

y=  1029x+6.56  0.58 _ 1C 

r^  =  0.99987  - ^ 

,  2.88  2£ 

Lower  detection  limit- 0.01  mg/L  (2.22x1 0'^M)  2.88  2t 

^  ^  T  ^  1  2:88 

0  12  3 

DMA  calc.  (mg/L) 


Figure  3.5.  Dimethylamine  (DMA)  calibration, 
derivitized  with  DNFB. 


3.1.2  Investigation  of  Redox- 
Reactive  Minerals  in 
Reduced  Sediments 

Aerojet  sediment  from  well  30053,  com¬ 
posited  from  depths  200  to  255  ft  were 
reduced  by  dithionite  in  three  different 
experiments  to  achieve  a  differing  amount 
of  sediment  reduction.  In  previous  years 
experiments,  the  sediment  was  reduced  in  a 
column,  then  pH-equilibrated.  This 
consisted  of  about  130  cm^  of  sediment 


packed  into  a  stainless  steel  column  and  sodium  dithionite/potassium  carbonate  injected  into  the 
column  with  a  5-hour  residence  time  for  120  hours  with  a  differing  concentration  of  dithionite. 
The  maximum  reductive  capacity  of  the  Aerojet  composite  sediment  is  71.5  pmol/g,  and  molar 
ratio  of  dithionite  injected  into  the  sediment  equaled:  a)  26.8  times  dithionite/ferrous  iron 
(experiment  W21),  b)  2.83  times  dithionite/ferrous  iron  (experiment  W22),  and  c)  0.54  times 
dithionite/ferrous  iron  (experiment  W23).  The  residence  time  was  the  approximate  half-life  of 
the  sediment  reduction  reaction.  The  total  time  of  injection  (120  hours)  allowed  for  nearly 
complete  sediment  reduction.  In  2007,  several  batches  of  the  Aerojet  composite  sediment  were 
reduced  in  batch  experiments.  This  consisted  of  100  g  of  sediment  plus  500  mL  of  solution 
containing  specific  dithionite/carbonate  concentration  to  achieve  the  desired  dithionite/iron  ratio 
(25,  3,  1.1).  The  sediment/water  system  (with  no  dithionite)  was  flushed  with  helium  for  an  hour 
inside  an  anaerobic  chamber  before  adding  dithionite  to  insure  gas  phase  and  dissolved  oxygen 
was  not  consuming  dithionite.  The  reaction  was  allowed  to  continue  for  120  hours  (same  as  the 
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column  reduced  dithionite),  but  the  difference  was  reduced  sediment  was  then  not  pH  equilib¬ 
rated.  The  pH  of  the  final  sediment  was  ~10  (described  in  Section  4.0). 

3.2  Task  2  -  Microbial  Degradation  of  NDMA 

3.2.1  Biodegradation  in  Reduced  Sediment  Systems 

The  experiments  with  dithionite-treated  sediment  were  set  up  to  determine  the  effect  of  dithionite 
exposure  on  the  soil  microbial  community’s  ability  to  mineralize  NDMA.  Batch  soil  slurries 
were  prepared  in  a  Coy  anaerobic  glove  bag  using  1  g  of  a  soil  from  Ft.  Lewis  and  3  ml  of  a 
sodium  dithionite/K2C03  solution.  The  water  in  each  tube  was  bubbled  with  ultra-pure  nitrogen 
for  30  minutes  before  the  appropriate  amount  of  potassium  carbonate  and  sodium  dithionite  were 
added.  There  were  three  treatments  in  this  experiment  that  consisted  of  different  donor/acceptor 
ratios  where  dithionite  was  the  donor  and  no  acceptor  was  supplied.  The  ratios  used  were  29.68, 
1.48,  and  0.29,  and  dithionite  and  carbonate  were  kept  at  a  ratio  of  1:4.  Controls  contained  soil 
and  water  without  the  addition  of  dithionite  or  carbonate.  All  treatments  were  incubated  for 
5  days  under  these  conditions  and  were  then  washed  twice  with  anaerobic  pH  7  buffered  water  to 
remove  residuals.  A  mineralization  study  was  carried  out  anaerobically  by  resuspending  the 
washed  soil  in  6  ml  of  buffered  water  containing  ’"^C-NDMA.  The  concentration  of  NDMA  in 
the  solution  was  10  mg/L  and  contained  5000  dpm/ml  of  radioactivity.  To  measure  minerali¬ 
zation,  filter  disks  were  dipped  in  a  1-M  barium  hydroxide  solution  and  inserted  into  the  top  of 
each  test  tube  cap  so  that  ^^C02  would  be  absorbed.  At  appropriate  time  points,  the  disks  were 
removed  and  placed  in  15  ml  of  scintillation  cocktail  to  be  counted.  Fresh  disks  with  barium 
hydroxide  were  then  placed  in  each  cap.  This  mineralization  study  was  carried  out  for  60  days 
and  all  experiments  were  performed  in  duplicate. 

3.2.2  Biodegradation  by  Microbial  Isolates 

Gordonia  sp.  KTR9  and  Williamsia  sp.  KTR4  were  previously  isolated  from  surface  soils 
associated  with  an  explosive  manufacturing  and  testing  facility  at  China  Lake,  CA  (Thompson 
et  al.  2005).  Gordonia  sp.  KTC13  was  isolated  from  the  same  soil  by  similar  procedures  except 
that  the  nitrogen  source  for  growth  was  the  explosive  hexanitrohexaazaisowurtzitane  (CL-20, 
HNIW)  (unpublished  data).  Additional  bacterial  cultures  were  obtained  from  the  Deutsche 
Sammlung  von  Mikroorganismen  und  Zellkulturen  Gmb  H  (DSMZ)  (Table  3.1)  and  were 
maintained  on  Trypticase  soy  agar  plates  at  4°C.  Bacteria  were  initially  grown  in  a  mineral  salts 
medium  (K2HPO4O.38  g;  MgS04.7H20  0.2  g;  FeCl3.6H20  0.05  g;  H2O  IL,  pH  7.0)  containing 
4  mM  KNO3,  10  mM  glycerol,  5  mM  glucose,  and  5  mM  succinate.  After  several  days  of 
growth,  the  cultures  were  used  to  inoculate  fresh  mineral  salts  medium  containing  ['"^C]-NDMA 
and  non-radiolabelled  NDMA  to  provide  a  final  concentration  of  5000  dpm/mL  and  10  mg/L. 
Nitrogen  (KNO3,  4  mM)  or  carbon  amendments  (glycerol,  10  mM;  glucose,  5  mM;  and 
succinate,  5  mM)  were  added  when  applicable.  Cultures  were  set  up  in  125-mL  serum  bottles 
containing  30  mL  of  the  medium  and  an  inner  vial  containing  1  mL  of  1  N  potassium  hydroxide 
(KOH)  to  absorb  '"^C02.  The  serum  bottles  were  inoculated  with  a  1/10  volume  of  bacterial 
culture  and  then  sealed  with  Teflon-coated  butyl  stoppers  and  aluminum  crimp  seals.  The  bottles 
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were  ineubated  in  the  dark  at  30° C  with  eonstant  shaking  at  150  rpm.  The  KOH  was  periodi- 
eally  sampled  and  added  to  15  ml  of  Ultima  Gold  seintillation  eoektail  followed  by  eounting  on  a 
seintillation  eounter.  Eaeh  time  the  KOH  was  sampled,  it  was  replaeed  by  a  fresh  volume  of 


KOH. 


Table  3.1.  Bacterial  strains  used  in  this  study. 


Strain  Source  Carbon  or  Nitrogen  Added 


Gordonia  alkanivorans 
Gordonia  amarae 
Gordonia  desulfuricans 
Gordonia  nitida 
Gordonia  polyisoprenivorans 
Gordonia  rhizosphera 
Gordonia  rubripertincta 

Gordonia  terrae 
Gordonia  sp.  KTR9 

Gordonia  sp.  KTC13 

Williamsia  maris 
Williamsia  sp.  KTR4 


DSMZ  44369^ 

DSMZ  43392"^ 

DSMZ  44462'^ 

DSMZ  44499'^ 

DSMZ  44302'^ 

DSMZ  44383'^ 

DSMZ  43197'^ 

DSMZ  43249'^ 
Thompson  et  al.  2005 
Thompson  et  al.  unpublished 
DSMZ  44693'^ 


GGS'^ 

KNO3 

None 

GGS 

KNO3 

None 

GGS 

KNO3 

None 

GGS 

KNO3 

None 

GGS 

KNO3 

None 

GGS 

KNO3 

GGS 

KNO3 

None 

GGS 

GGS 

KNO3 

None 

GGS 

None 

GGS 

KNO3 

None 

Thompson  et  al.  2005 


T;  type  strain  for  species;  a;  GGS;  glucose,  glycerol  and  succinate 


Anaerobic  NDMA  Mineralization 

Anaerobic  mineralization  of  [*"^C]-NDMA  was  studied  in  screw  cap  test  tubes.  One  gram  of 
Aerojet  soil  or  1  mL  of  Rocky  Mountain  Arsenal  groundwater  was  added  to  each  sterile  test  tube 
along  with  5  mL  of  mineral  salts  medium.  Nitrogen  gas  had  been  bubbled  through  the  medium 
for  at  least  30  minutes  to  reduce  the  oxygen  content.  NDMA  was  added  at  10  mg/L  and 
5000  dpm/mL.  To  capture  the  *"^C02  produced,  1-N  BaOH  saturated  filter  paper  disks  were  used 
as  liners  in  the  screw  caps.  Microcosms  were  prepared  and  incubated  in  an  anaerobic  Coy™ 
glove  box  at  25°C  and  with  an  anaerobic  atmosphere  of  4%  H2  and  96%  N2  gas.  The  BaOH 
saturated  filter  disks  were  sampled  periodically  by  scintillation  counting  and  replaced  with 
freshly  saturated  disks. 

3.3  Task  3  -  Coupled  Abiotic/Biotic  Degradation  of  NDMA 

NDMA  mineralization  experiments  were  conducted  with  Aerojet  sediments  to  measure  both 
oxic  and  anaerobic/reducing  system  mineralization  without  and  with  additional  nutrients  or 
co-metabolites.  A  total  of  108  mineralization  experiments  were  conducted.  This  included  oxic 
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and  reduced  system  mineralization  in  Aerojet  sediment  at  2.5  ppm,  250  ppb,  1.8  ppb,  102  ppt, 
and  10.2  ppt  starting  concentration.  Another  series  of  experiments  included  oxic,  anaerobic  (not 
reduced)  sediment,  and  reduced  system  mineralization  with  a  single  concentration  of  methane  or 
propane  or  toluene  or  acetylene  all  at  250-ppb  NDMA.  Another  series  of  experiments  included 
different  carbon  additions  in  reduced  Aerojet  sediment  (yeast  extract,  humic  acid,  or  TCE 
addition).  Because  a  biotic  NDMA  degradation  pathway  is  with  a  propane-  or  methane-  or 
toluene-monooxygenase  pathway,  these  compounds  were  added  to  see  if  that  enzyme  pathway 
was  stimulated.  Acetylene  is  also  known  to  inhibit  most  (not  all)  monooxygenase  pathways. 
Reduced  sediment  degrades  TCE  by  a  pathway  that  produces  chloroacetylene,  then  acetylene, 
then  ethylene,  then  ethane.  Therefore,  TCE  addition  would  degrade  to  some  acetylene,  which 
could  inhibit  the  monooxygenase  pathway  for  NDMA  degradation.  Because  there  was  little 
response  to  the  carbon  additions  (yeast,  humic  acid),  additional  experiments  were  conducted  with 
differing  concentrations  and  1600  hours  of  prestimulation  (i.e.,  contact  with  the  carbon  source 
and  NDMA  before  '"^C-NDMA  was  added).  These  experiments  included  oxic  and  reduced 
Aerojet  mineralization  with  addition  of  yeast  (three  differing  concentrations)  and  humic  acid 
(three  differing  concentrations),  all  with  the  prestimulation  time  of  1632  hours.  Because  the 
propane  addition  showed  some  response,  additional  propane  experiments  were  conducted  at 
three  differing  concentrations  (of  propane)  and  1600  hours  of  prestimulation. 

Sequential  reduced  system,  then  oxic  system  NDMA  mineralization  studies  were  conducted  by 
either:  a)  oxidizing  existing  reduced  sediment,  b)  removing  aqueous  solution  and  placing  it  with 
oxic  sediment,  and  c)  adding  oxic  sediment  to  the  system.  A  total  of  16  sequential  reduced/oxic 
experiments  were  conducted  (1600  hours  of  prestimulation,  2200  hours  of  reduced  system 
degradation,  then  1000  hours  of  oxic  system  degradation).  Additional  oxygen  (all  experiments), 
propane,  humic  acid,  or  yeast  was  added  to  experiments.  An  additional  seven  experiments 
were  conducted  in  which  oxic  system  NDMA  mineralization  was  additionally  stimulated  at 
2000  hours  with  additional  humic  acid,  oxygen,  and/or  propane  to  determine  if  microbes  were 
still  alive  but  there  was  a  nutrient  limitation  in  the  system.  Experiments  at  25  and  2.5  ppt  (initial 
concentration)  used  only  the  '"^C-labeled  NDMA,  which  had  a  specific  activity  of  56  mCi/mmol. 
For  higher  NDMA  concentration  experiments,  1  g  of  sediment  was  mixed  with  6  mL  of  liquid, 
and  lower  NDMA  concentration  experiments  16.5  g  of  sediment  was  mixed  with  100  mL  of 
water.  The  activity  in  each  vial  is  explained  in  Section  3.1.1. 

Sediments 

Three  sediment  samples  were  obtained  from  Scott  Neville  at  Aerojet,  which  were  from  boring/ 
monitoring  well  30053  (next  to  extraction  well  4450).  The  three  samples  were  within  a  depth 
interval  of  200  to  255  ft,  so  are  in  a  sand/gravel  aquifer  unit,  which  is  at  a  depth  of  194  to  264  ft 
at  this  location  (based  on  the  30053  well  log).  These  three  samples  were  mixed  with  equal  mass 
proportions  to  obtain  a  sufficient  volume  for  experiments.  This  unit  is  described  as  a  medium  to 
very  coarse-grained  sand/gravel  with  2-  to  4-ft-thick  interbeds  of  sand  and  gravel  and  0.5-  to 
1-ft-thick  interbeds  of  sandy  clay.  The  Aerojet  sediment  samples  obtained  were  not  fully 
characterized  mineralogically,  but  did  contain  unusually  high  magnetite  (36.4%  by  weight),  and 
trace  amounts  of  biotite  (<  2%). 
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3.4  Task  4  -  Upscaled  Demonstration  of  NDMA  Degradation  in 
Sequential  Reduced,  then  Oxic  Systems 

NDMA  mineralization  experiments  were  conducted  in  large-scale  laboratory  columns  to  evaluate 
whether  NDMA  degradation  in  reduced  sediment  followed  by  downgradient  mineralization  of 
NDMA  (or  intermediates)  was  more  efficient  than  NDMA  mineralization  in  oxic  systems.  This 
was  proposed  because  numerous  experiments  have  demonstrated  that  NDMA  degradation  in 
reduced  sediment  is  very  rapid  (hours  to  tens  of  hours).  The  original  scope  for  Task  4  was  to 
evaluate  NDMA  degradation  in  a  field-scale  experiment  at  the  Aerojet  site.  While  NDMA  could 
rapidly  be  degraded  to  DMA,  which  is  not  toxic,  because  DMA  is  degraded  further  to  more  toxic 
intermediates,  it  was  concluded  that  the  objective  of  this  task  should  be  rescoped  to  optimizing 
NDMA  mineralization.  At  a  field  setting,  sequential  reduced  then  oxic  systems  have  been 
investigated  and  implemented  at  field  scale  for  biotic  and  abiotic  processes  (Bell  et  al.  2003; 
Morkin  et  al.  2000).  In  this  study,  a  reduced  zone  is  created  by  sodium  dithionite  treatment  of 
aquifer  sediment,  which  dissolves/reduces  some  of  the  ferric  oxides  to  various  ferrous  oxides  and 
sulfides.  Various  redox-sensitive  aqueous  solutes  advecting  into  this  zone  may  be  reduced 
(metals,  nitrate,  chlorinated  solvents,  and  dissolved  oxygen),  which  results  in  a  plume  of  anoxic 
water  (and  degradation  intermediates)  downgradient.  A  downgradient  oxic  zone  is  naturally 
created  at  some  distance  due  to  advective  mixing  of  oxic  water  that  did  not  pass  through  the 
permeable  reduced  zone.  However,  the  most  efficient  means  of  creating  an  oxic  zone 
downgradient  of  a  reduced  zone  is  to  inject  air. 

In  this  study,  the  configuration  of  the  sequential  reduced  sediment  with  downgradient  oxic 
sediment  columns  consists  of  a  1-D  reduced  sediment  column  (8.8  to  60  cm  in  length)  with 
downgradient  mixing  “T”  into  which  a  mixture  of  air  and  propane  is  injected  (20%  by  volume 
relative  to  the  water  flow).  The  groundwater  injected  into  these  systems  consisted  of  a 
0.01-mol/L  CaCOs  solution  with  250-ppb  NDMA  (radiolabeled).  The  water/air/propane  then 
flows  into  a  downgradient  oxic  sediment  column  (30  to  60  cm  in  length).  Effluent  water/air/ 
propane  from  the  oxic  sediment  column  is  collected  in  sealed  septa-top  vials  (200-mL  volume), 
which  collects  the  water  and  gas  (collection  time,  3  days  to  2  weeks).  These  liquid/gas  effluent 
samples  are  analyzed  for:  a)  total  aqueous  (NDMA  and  other  aqueous  degradation  inter¬ 
mediates),  b)  NDMA  (by  preparatory-scale  HPLC,  scintillation  counting),  c)  CO2  (headspace 
CO2  trap),  and  d)  volatile  organic  compounds  (by  headspace  activated  carbon  trap). 

A  total  of  nine  sequential  reduced/oxic  column  systems  were  conducted  with  residence  times 
ranging  from  69  hours  (total  residence  time  in  reduced  plus  oxic  columns)  to  1323  hours.  In 
addition,  to  compare  these  results,  three  reduced  column  only  and  three  oxic  column  only 
experiments  were  conducted  (Table  3.2).  Each  column  system  was  run  for  a  total  time  ranging 
from  18  days  (432  hours)  to  35  days  (840  hours). 

The  calculated  NDMA  degradation  rate,  aqueous  removal  rate,  and  mineralization  rate  were 
calculated  from  aqueous  (or  gas  phase)  concentrations  and  residence  times.  While  the  residence 
time  of  a  single  type  of  system  (i.e.,  reduced  or  oxic)  is  clear,  the  residence  time  of  a  coupled 
system  (when  it  is  unclear  whether  the  degradation  reaction  is  occurring  in  the  reduced  column, 
oxic  column,  or  both)  results  in  some  ambiguity  for  calculated  rates,  as  described  in  further  detail 
in  Section  4.0.  Due  to  the  fairly  rapid  NDMA  degradation  to  DMA,  reduced  sediment  columns 
were  small,  so  had  correspondingly  small  residence  times  of  ~9  to  150  hours.  Degradation  of 
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NDMA  or  intermediates  to  CO2  took  hundreds  to 
thousands  of  hours  (based  on  previous  batch 
experiments),  so  oxic  system  residence  times  ranged 
from  60  to  1200  hours. 

It  should  be  noted  that  previous  batch  mineralization 
experiments  are  conducted  as  significantly  lower 
sediment/water  ratios  (typically  0.167  g/mL,  although 
these  can  range  up  to  1  g/mL).  Higher  sediment/water 
ratios  are  not  possible  in  batch  systems,  as  there  needs  to 
be  some  free  liquid  above  the  sediment  in  order  to 
sample  the  system.  These  column  systems  had  a 
sediment/water  ratio  of  4.6  to  5.2  g/mL,  or  ~30  times 
higher  than  batch  systems.  Abiotic  degradation  of 
NDMA  is  caused  by  one  or  more  surface  iron  phases,  so 
these  column  systems  exhibited  correspondingly  higher 
NDMA  degradation  rates  (to  DMA)  than  batch  systems. 
Biotic  degradation  processes  (demonstrated  to  produce 
CO2)  are  caused  by  the  specific  microbial  isolates  on  the 
sediment  surface,  so  again,  these  higher  sediment/ 
water  ratio  column  systems  exhibited  faster  NDMA 
mineralization  rates  than  observed  in  previous  batch 
studies. 


Table  3.2.  Residence  times  of 
sequential  reduced/oxic  systems. 


residence  time  (h) 

total 

reduced 

oxic 

residence 

# 

column  column* 

time  (h) 

sequential  reduced/oxic  columns 

X160 

8.91 

60.1 

69.0 

X161 

9.00 

266.2 

275.1 

X162 

8.08 

104.2 

112.3 

X180 

32.0 

216.1 

248.1 

X181 

10.7 

317.3 

328.0 

X182 

28.3 

364.5 

392.8 

X190 

148.3 

1000.3 

1148.6 

X191 

29.94 

885.8 

915.8 

X192 

95.25 

1227.7 

1323.0 

reduced  column  only 

X164 

8.16 

- 

8.16 

X184 

27.64 

- 

27.64 

X194 

118.08 

~ 

118.08 

oxic  column  only 

X163 

~ 

62.16 

62.16 

X183 

- 

216.77 

216.77 

X193 

-- 

1625.7 

1625.7 

*aqueous  component  only 


The  water  injection  flow  rate  in  each  column  system  was  controlled  by  an  Hitachi  L6200  HPLC 
pump,  although  the  flow  rates  (and  residence  times)  were  calculated  from  the  actual  effluent 
volume  and  elapsed  time.  Delivery  of  the  air/propane  gas  mixture  in  between  the  outlet  of  the 
upgradient  reduced  sediment  column  and  down  gradient  oxic  sediment  column  was  accom¬ 
plished  with  Kloehn  digital  syringe  pump  with  48,000  step  motor.  To  achieve  the  fairly  low 
flow  rates,  a  100-pL  syringe  was  used  on  the  syringe  pump,  and  the  air/propane  gas  mixture 
source  was  in  a  5-L  metallized  gas  sampling  bag.  Five  coupled  column  systems  were  conducted 
simultaneously  in  a  radiation  zone  ('"^C-NDMA  was  used). 
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4.0  Results 


The  overall  objective  of  this  project  is  to  develop  an  in  situ  remediation  technology  for  NDMA, 
which  may  occur  by  abiotic,  biotic,  or  both  processes.  Abiotic  processes  in  aqueous  solution, 
in  oxic  and  reduced  sediment,  and  in  mineral  phases  isolated  from  sediment  are  described  in 
Task  1.  Biodegradation  of  NDMA  in  sediments  and  in  sediment  isolated  is  described  in  Task  2 
results.  Sediment/water  systems  that  are  reduced  and  also  biostimulated  (simultaneous  abiotic/ 
biotic  processes)  and  sequential  reduced  system  followed  by  oxic  sediment  systems  at  later  times 
are  described  in  Task  3  results.  Finally,  sequential  reduced/oxic  degradation  and  mineralization 
of  NDMA  is  investigated  in  large-scale  1-D  column  systems  that  have  close  to  the  same  sediment/ 
water  ratio  as  field  systems  (Task  4).  Portions  of  the  experimental  data  are  presented  in  this 
section,  with  all  experimental  data  in  Appendixes  A.l  to  A.  14. 

4.1  Task  1  -  Abiotic  Degradation  of  NDMA 

4.1.1  Aqueous  Stability 

Aqueous  solutions  of  NDMA  at  a  concentration  of 
2.3  mg  L'*  were  held  for  periods  of  2  to  700  hours 
at  pH  2  to  14  (Figure  4.1a).  At  low  pH  (i.e., 
pH  2.5),  NDMA  degraded  minimally  after 
27  hours;  at  other  pH,  within  the  error  of  measure¬ 
ment,  NDMA  was  not  degraded  after  700  hours. 

There  was  some  interference  in  HPLC  analysis  of 
NDMA  for  samples  <  pH  2  (data  not  shown),  so  it 
appears  that  NDMA  is  stable  over  a  wide  pH  range 
(4  to  14),  but  may  degrade  in  highly  acidic  waters. 

The  NDMA  degradation  rate  at  pH  2  showed  a 
2540-hour  half-life.  The  experiments  were 
repeated  again  (Figure  4.1b)  under  only  alkaline 
conditions,  as  these  are  the  conditions  of  the 
reduced  sediment.  NDMA  was  stable  to 
1000  hours,  with  <2%  degradation. 

In  other  solutions,  NDMA  was  held  at  varying  Eh 
(i.e.,  -597,  -310,  -230,  and  +100  mV),  for  varying 
periods  up  to  700  hours  (Figure  4.2a).  At  the  most 
negative  Eh,  ca.  -600  mV  fixed  by  0. 1  M  dithionite, 
results  were  equivocal.  NDMA  concentrations 

were  variable  over  the  time  course  of  experiments  at  that  Eh,  suggesting  that  some  degradation 
occurred,  but  the  results  were  not  consistent  with  increasing  degradation  with  time:  no  degra¬ 
dation  was  indicated  after  700  hours,  but  -40%  of  the  NDMA  was  degraded  after  125  hours. 
Since  the  degradation  could  not  have  spontaneously  reversed  itself,  the  apparent  differences  in 
concentration  were  due  to  poor  precision  of  measurement  under  those  experimental  conditions. 
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Figure  4.1.  NDMA  aqueous  stability  with 

pH. 
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Under  less  reducing  conditions,  NDMA  was  not  degraded  after  700  hours  of  reaction.  The  rate 
of  NDMA  degradation  by  the  dithionite  solution  was  as  great  as  a  230-hour  half-life 
(Figure  4.2b). 


NDMA  photodegradation  in  fluorescent  light  was  tested  to  ensure  mass  stability  in  batch  and 
column  experiments.  There  was  no  photodegradation  with  both  foil-wrapped  amber  glass  vials 
and  clear  glass  vials  over  150  hours  (Figure  4.3a).  In  this  experiment,  25-mg/L  NDMA  was  used 
in  the  septa-top  glass  vials  that  were  used  in  subsequent  batch  studies  described  in  the  following 
section.  Photodegradation  was  examined  further  (Figure  4.3b),  where  it  was  shown  that  there 
was  3%  degradation  in  800  hours  in  laboratory  fluorescent  light  (18,000-hour  half-life),  which 
would  have  no  influence  on  experiments.  NDMA  could  be  photodegraded  in  high  intensity  UV 
light  designed  to  kill  microbes,  as  shown  (Figure  4.3b),  with  a  half-life  of  360  hours.  This  light 

source  was  located  about  30  cm  from  the 
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X116-8:  NDMA  degradation  by  UV  light  in  aqueous  solution 

1.0 
0.9 
0.8 
O0.7 

So.6 

0.5 
0.4 

0.1  1  time(h)  io  100  1000 

Figure  4.3.  NDMA  photodegradation  in 
(a)  fluorescent  light  and  (b)  UV  light. 
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experiment  vial.  More  rapid  UV  degra¬ 
dation  is  typically  accomplished  by  a 
higher  energy  UV  lights  at  closer  proximity 
(i.e.,  water  traveling  in  a  tube  surrounded 
by  UV  light).  Because  reduced  sediment 
was  at  pH  10,  additional  alkaline  hydrol¬ 
ysis  experiments  were  conducted  in  2007. 
These  experiments  demonstrated  that  from 
pH  7  to  1 1 ,  NDMA  was  not  degraded 
within  1000  hours  (Figure  4.3b),  so 
alkaline  hydrolysis  (to  pH  1 1)  was  not 
degrading  NDMA.  A  current  experiment 
in  progress  tests  whether  alkaline  condi¬ 
tions  can  degrade  NDMA  in  presence  of 
anoxic  sediment  (i.e.,  the  potential  for  the 
sediment  acting  as  a  catalyst.  Results  to 
100  hours  show  no  NDMA  degradation  at 
pH  11  with  anoxic  sediment  (Figure  4.4). 
The  decrease  in  NDMA  concentration  at 
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<1  hour  was  caused  by  NDMA  sorption  to 
the  sediment,  and  not  degradation,  as 
demonstrated  by  the  lack  of  further  change 
in  the  aqueous  NDMA  concentration  from 
1  to  100  hours.  The  hypothesis  of  whether 
alkaline  hydrolysis  with  the  (oxic) 
sediment  acting  as  a  surface  catalyst  was 
the  purpose  of  this  experiment. 

4.1.2  NDMA  Degradation 
Pathways 

NDMA  is  a  small  compound  that  is  relatively  stable  in  aqueous  solution  and  sorbs  minimally 
(sorption  Kd  in  the  Aerojet  sediment  is  0.12  L/kg).  NDMA  will  degrade  abiotically  by  zero 
valent  iron  or  magnetite  under  alkaline  pH  conditions  to  DMA  or  UDMH  under  acidic  condi¬ 
tions.  It  will  biotically  degrade  by  a  separate  pathway  (Figure  4.5).  The  most  rapid  minerali¬ 
zation  of  NDMA  may  involve  initial  abiotic  degradation  of  NDMA  under  reducing  conditions 
followed  by  biodegradation  of  DMA  or  other  intermediates  under  different  environmental 
conditions  (i.e.,  oxic).  NDMA  degradation  in  abiotic  reducing  conditions  (zero  valent  iron, 
reduced  sediment,  minerals)  was  investigated  in  this  project  to  determine  the  most  rapid  abiotic 
degradation  pathway  that  would  be  compatible  with  biodegradation  of  intermediates.  Purely 
biodegradation  of  NDMA  was  also  considered  (Task  2),  and  coupled  abiotic/biotic 
mineralization  (Task  3). 
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Figure  4.4. 
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Figure  4.5.  NDMA  degradation  pathways  (Odziemkowski  et  al.  2000). 


4.3 


4.1.3  NDMA  Degradation  Rate  and  Mechanism  in  Sediment 

Previous  studies  have  shown  that  NDMA  degrades  in  dithionite  reduced  sediment  at  rates 
varying  from  10  to  300  hours  (McKinley  et  al.  2005,  2007).  This  variability  was  examined  in 
greater  detail  to  determine  the  cause.  Although  the  method  to  reduce  the  Aerojet  sediment  with 
sodium  dithionite  (and  potassium  carbonate  buffered  to  pH  10.5)  was  the  same,  the  post¬ 
reduction  treatment  has  changed  over  time  to  include  additional  pH  equilibration  (to  pH  8).  The 
natural  pH  of  the  Aerojet  sediment  is  9.2. 

Dithionite  reduction  of  Aerojet  sediment  with  no  post-reduction  pH  equilibration  showed  a  direct 
relationship  between  the  amount  of  dithionite  used  and  the  resulting  rate  of  NDMA  degradation 
(Figure  4.6).  Sediment  treated  with  great  excess  dithionite  (dithionite/reducible  iron  ratio  =  25) 
showed  a  6-hour  half-life  to  degrade  NDMA,  whereas  use  of  somewhat  less  dithionite  (di/Fe  =  3) 
had  a  13 -hour  half-life,  and  use  of  even  less  dithionite  (di/Fe  =1.1)  had  a  2000+-hour  half-life 

for  NDMA  degradation.  NDMA  degra¬ 
dation  in  reduced  sediment  was  an  abiotic 
process,  as  shown  by  the  lack  of  change  in 
the  degradation  rate  when  a  bactericide  was 
added  (Figure  4.6c).  These  results  indicate 
that  either  different  surface  mineral  phases 
were  greated  at  higher  dithionite  concen¬ 
tration  (such  as  iron  sulfides),  which  has  a 
lower  redox  potential  during  the  reduction 
process,  or  the  pH  is  influencing  NDMA 
degradation.  The  pH  could  result  in  direct 
homogeneous  NDMA  degradation  (i.e., 
alkaline  hydrolysis),  indirect  or  hetero¬ 
geneous  NDMA  degradation  (i.e.,  surface 
catalyzed  NDMA  degradation),  or  the  pH 
could  result  in  different  surface  speciation. 
Alkaline  hydrolysis  (homogeneous)  is  not 
degrading  NDMA,  as  shown  in  Figure  4.4. 
Light  is  also  not  affecting  the  rate  of 
NDMA  degradation  (Figure  4.3),  as 
laboratory  fluorescent  light  does  not 
degrade  NDMA  (Figure  4.4a)  and  the  rate 
at  which  the  UV  light  degrades  NDMA 
(Figure  4.4b)  is  much  slower  (i.e., 

360  hours  half-life)  than  observed  rates 
with  reduced  sediment  of  10-  to  20-  hour 
half-life.  Subsequent  experiments  were, 
nonetheless,  conducted  in  light  free  vials. 

To  test  the  influence  of  pH  on  the  NDMA  degradation  rate,  sediment  was  uniformly  reduced 
with  dithionite  at  pH  10.6,  then  subsamples  were  pH  equilibrated  to  pH  7,  8,  9,  and  10.  Results 
showed  that  the  NDMA  degradation  rate  was  highly  dependent  on  the  final  pH  during  the 
NDMA  degradation  experiment  (Figure  4.7).  High  pH  (10.6)  degraded  NDMA  most  rapidly. 
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Figure  4.6.  NDMA  degradation  in  dithionite-reduced 
sediments. 
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with  progressively  slower  degradation 
with  lower  pH.  The  hypothesis  that  the 
sediment  surface  is  acting  as  a  catalyst  to 
alkaline  hydrolysis  (i.e.,  surface  is  not 
involved  in  electron  transfer)  was 
addressed  earlier  (Figure  4.4).  Alkaline 
hydrolysis  without  sediment  or  with 
sediment  is  not  the  cause  of  the  rapid 
NDMA  degradation  observed  in  reduced 
sediment. 

Although  some  different  mineral  phases 
are  present  upon  sediment  reduction 
(adsorbed  Fe^^,  FeCOs,  FeS2,  magnetite, 
silica,  1 : 1  clay  kaolinite,  2: 1  clays  biotite, 
illite,  montmorillonite,  nontronite, 
hectorite),  oxic  sediment  pH  equilibrated 
to  pH  10.5  did  not  degrade  NDMA 
(Figure  4.7b),  which  partially  indicates  that 
alkaline  hydrolysis  with  the  surface  acting 
as  a  catalyst  is  unlikely.  As  described  in 
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Figure  4.7.  NDMA  degradation  for;  a)  sediment 
reduced  at  pH  10.6,  then  pH  equilibrated  to  different 
pH,  and  b)  oxic  sediment  at  pH  10.5. 


Section  4.1.6,  adsorbed  ferrous  iron  is  the  most  likely  cause  of  NDMA  degradation  to  DMA. 


4.1.4  Influence  of  Iron  Sulfide 

The  addition  of  high  purity  iron  sulfide  to 
anaerobic  (but  not  reduced)  Aerojet 
sediment  did  not  result  in  any  NDMA 
degradation,  which  indicates  this  surface 
phase  (which  is  produced  with  dithionite 
reduction  of  the  sediment)  appears  to  not 
be  involved  in  NDMA  degradation 
(Figure  4.8a).  The  iron  sulfide  was 
carefully  ground  to  expose  fresh  surfaces 
in  an  anerobic  chamber  before  adding  to 
the  anaerobic  sediment.  This  experiment 
was  repeated  again  (Figure  4.8b,  open 
squares)  with  iron  sulfite  that  was  just 
ground  added  to  reduced  sediment  (in  this 
case).  There  was  actually  slightly  slower 
NDMA  degradation  compared  to  the 
sediment  that  was  reduced  (no  phases 
removed  or  added),  which  again  clearly 
indicates  that  the  iron  sulfide  added  had  no 
influence  on  NDMA  degradation. 


Figure  4.8.  NDMA  degradation  for;  a)  sediment  with 
addition  of  FeS2  and  b)  addition  or  removal  of 
magnetite. 
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4.1 .5  Influence  of  Magnetite 

The  removal  of  magnetite  in  the  reduced  Aerojet  sediment  had  a  significant  effect  on  the  NDMA 
degradation  rate  (Figure  4.8b).  The  NDMA  degradation  rate  with  reduced  sediment  had  a  7-hour 
half-life  (open  circles),  whereas  magnetite  removal  (triangles)  had  an  85-hour  NDMA  degra¬ 
dation  rate.  In  these  experiments,  magnetite  was  removed  with  a  magnet  (all  in  an  anaerobic 
chamber),  ground  to  separate  magnetite  associated  with  other  mineral  phases,  which  is  common 
in  natural  sediment,  added  back  to  the  original  sediment,  then  magnetite  removed  a  second  time 
with  a  magnet.  Interestingly,  our  previous  (2005)  results  show  no  influence  of  freshly  ground 
magnetite  on  degrading  NDMA  (Figure  4.9a).  One  hypothesis  that  could  explain  the  observed 
data  (Figure  4.8b)  is  that  adsorbed  ferrous  iron  on  magnetite  is  responsible  for  the  NDMA 
degradation,  and  not  the  magnetite  itself  A  subsequent  experiment  (XI 36  in  Figure  4.9b)  tested 
this  hypothesis  by  removal  of  the  magnetite  prior  to  reduction  of  the  sediment.  The  results 
showed  more  influence  of  magnetite  removal  after  reduction,  which  is  consistent  with  the 
hypothesis  that  adsorbed  ferrous  iron  on  magnetite  is  contributing  to  NDMA  degradation. 
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Figure  4.9.  NDMA  degradation  half-life  in  freshly 
ground  pure  mineral  phases. 


Magnetite  was  removed  from  the  sediment 
after  reduction  (12.0%  by  weight, 

Figure  4.9b,  triangles),  then  the  NDMA 
degradation  rate  experiment  was  conducted. 
Results  showed  that  the  NDMA  degra¬ 
dation  rate  was  slower  with  the  magnetite 
removed  (~3  0-hour  half-life  compared  to 
~8-hour  half-life  with  reduced  sediment 
that  includes  magnetite),  indicating  some 
loss  in  reductive  capacity,  but  there  was 
apparently  still  sufficient  reduced  surface 
phases  present  to  degrade  NDMA  to  DMA. 
This  appears  to  indicate  that  adsorbed  Fe^"^ 
on  magnetite  is  not  the  primary  reduced 
phase  that  degrades  NDMA. 

When  the  reactive  magnetite  was  added  to 
a  separate  experiment  containing  reduced 
Aerojet  sediment  (dark  circles.  Figure  4.9b), 
the  NDMA  degradation  rate  was  more 
rapid  than  the  system  in  which  the 
magnetite  was  removed.  This  indicates 
that  the  phase  (presumed  to  be  ferrous  iron 
adsorbed  onto  magnetite)  is  somewhat 
reactive  with  the  NDMA.  One  should 


note,  however,  that  NDMA  is  still  being  degraded  in  the  system  with  magnetite  removed,  so 
there  may  still  be  adsorbed  ferrous  iron  on  other  surfaces. 
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4.1 .6  Influence  of  Adsorbed  Ferrous  Iron 
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If  NDMA  is  being  degraded  by  adsorbed  ferrous  iron  (or  FeOH'  species),  it  is  more  reactive 
under  alkaline  conditions.  A  change  in  the  pH  to  a  more  neutral  pH,  then  increase  back  to  10.5 
should,  therefore,  not  affect  the  reactivity  of  this  species  (i.e.,  it  would  be  in  equilibrium). 
Several  experiments  were  conducted  in 
which  the  same  reduced  sediment  was  pH 
equilibrated  to  pH  9.4,  8.5,  and  7.8  for 
24  hours,  then  the  pH  was  pH  equilibrated 
back  to  10.5.  The  redox  potential  of  the 
final  solution  was  monitored.  These 
experiments  were  conducted  in  an 
anaerobic  chamber  with  additional  helium 
bubbling  in  the  solution  (and  in  the  acid 
used),  so  there  was  little  chance  of  intro¬ 
duction  of  dissolved  oxygen  (although  the 
possibility  exists).  In  all  experiments,  a  pH 
shift  down  resulted  in  a  large  decrease  in 
the  NDMA  degradation  rate  (Figure  4.10a). 

In  addition,  the  final  redox  potential  of  the 
samples  was  less  negative  the  lower  the 
pH  was  changed  to.  For  example,  the  Eh 
of  the  unaltered  reduced  sediment  was 
-732  mV,  whereas  the  sediment  that  was 
adjusted  to  pH  9.4  (then  back  to  10.5)  had 
an  Eh  of  -654  mV,  and  the  sediment  that 
was  adjusted  to  pH  7.8  (then  back  to 
pH  10.5)  had  a  final  Eh  of -455  mV. 

The  redox  potential  indicates  the  same 
geochemical  conditions  no  longer  exist, 
either  surface  mineral  phases  have  changed 
or  there  is  less  adsorbed  ferrous  iron  (i.e., 
may  indicate  adsorbed  ferrous  iron  is  not 
the  redox  reactive  phase  with  NDMA),  but 
a  ferrous  phase. 
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Figure  4.10.  NDMA  degradation  in  reduced  Aerojet 
sediment  with:  a)  a  pH  shift  from  10.5  to  lower  pH, 
then  back  to  10.5,  b)  various  Fe  surface  phases 
removed  with  chemical  extraction,  and  c)  addition  or 
removal  of  Fe^"^  to  oxic  sediment. 


In  separate  experiments,  chemical  treatments  were  used  to  sequentially  strip  off  one  or  more  iron 
surface  phases.  A  1-M  solution  of  KNO3  was  used  to  remove  adsorbed  ferrous  iron  (i.e.,  by  ion 
exchange.  Figure  4.10b).  These  results  (untreated  =  open  circles,  adsorbed  Fe^"^  removed  = 
triangles)  indicate  a  substantial  decrease  in  the  NDMA  degradation  rate  with  adsorbed  ferrous 
iron  removed. 

Finally,  in  separate  experiments,  the  addition  or  removal  of  Fe  (Figure  4.10c)  clearly  had  a 
significant  influence  on  the  NDMA  degradation  rate.  Removal  of  a  significant  (nearly  all)  of  the 
adsorbed  ferrous  iron  (70  pmol/g)  resulted  in  a  very  slow  NDMA  degradation  rate  (triangles. 
Figure  4.10c),  although  this  still  retained  some  ability  to  degrade  NDMA  compared  to  oxic 
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sediment  (crosses).  Addition  of  increasing  amounts  of  ferrous  iron  (diamonds)  to  reduced 
sediment  increased  the  NDMA  degradation. 

Therefore,  adsorbed  ferrous  iron  does  appear  to  be  a  primary  electron  donor  to  degrade  NDMA. 
It  should  be  noted  that,  in  some  cases,  ferrous  iron  requires  a  surface  as  a  catalyst  in  order  to  be 
redox  reactive.  For  example,  carbon  tetrachloride  (Johnson  et  al.  2000)  and  TCE  (Szecsody 
et  al.  2004)  do  not  degrade  in  the  presence  of  just  aqueous  ferrous  iron  or  even  ferrous  iron 
adsorbed  to  silica  and  other  inert  surfaces,  but  will  degrade  in  systems  with  ferrous  iron  adsorbed 
to  specific  iron  oxides  or  2:1  clays.  The  mechanisms  may  involve  these  surfaces  acting  as  either 
a  catalyst  or  a  semiconductor  for  electron  transfer.  To  address  this  hypothesis,  separate  mineral 
phases  in  sediment  (with  and  without  adsorbed  ferrous  iron  and/or  structural  ferrous  iron  were 
investigated,  as  described  in  the  following  sections. 

4.1 .7  Influence  of  Iron  (II)  Carbonate  (Siderite) 

Removal  of  some  carbonate  from  the  reduced  sediment  was  accomplished  by  sodium  acetate 
(pH  5)  for  7  days.  This  actually  had  no  influence  on  the  NDMA  degradation  rate,  which  may 
indicate  siderite  (Fe(II)C03)  is  not  redox  reactive  with  NDMA.  Two  other  chemical  treatments 
were  also  conducted  in  which  amorphous  iron  oxides  were  removed  (0.25  M  NH20H-HC1, 
Figure  4.10b)  or  some  amorphous  and  crystalline  iron  oxides  were  removed  (0.5  M  HCl).  In 
both  of  these  cases,  the  result  was  less  NDMA  degradation  (even  slower  than  with  the  adsorbed 
Fe^"^  removed),  although  the  pH  of  these  treatments  were  also  influencing  the  results  (not  just  the 
iron  phase  partially  removed). 

Overall,  these  batch  studies  are  indicative  of  primarily  adsorbed  ferrous  iron  present  at  pH  10  in 
the  dithionite-reduced  Aerojet  sediment  is  reacting  rapidly  to  degrade  NDMA.  A  major  reactive 
phase  appears  to  be  adsorbed  ferrous  iron,  and  it  appears  to  be  adsorbed  onto  magnetite  (among 
other  surface  phases). 

4.1 .8  Influence  of  Unaltered 
Minerals 


NDMA  in  contact  with  mineral  phases 
that  did  not  contain  structural  iron 
generally  did  not  degrade.  Sorption  of 
NDMA  is  typically  very  small,  which 
results  in  NDMA  far-field  migration  in 
subsurface  sediments.  In  a  previous 
study,  the  sorption  of  NDMA  at  20-ppb 
concentration  was  determined  in 
column  experiments  (Figure  4.1 1). 

Data  from  that  study  was  used  to 
calculate  the  adsorption  of  NDMA.  The 
initial  breakthrough  of  NDMA  in  these 
two  columns  was  at  1.147  and  1.94  pore 
volumes,  whereas  a  tracer,  by 


Figure  4.11.  NDMA  sorption  and  degradation  in  reduced 
Aerojet  columns  (Szecsody  et  al.  2003). 
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definition,  breaks  through  at  1.0  pore  volume.  This  “retardation  factor”  (Rf)  defines  both  the 
relative  solute  velocity  to  tracer  velocity  and  also  the  distribution  coefficient  (IQ),  which  defines 
sorption  with  the  following  equation: 


Rf=l+PbKd/0  (4.1) 

where  IQ  is  the  ratio  of  NDMA  mass  on  the  sediment  surfaces  (mg  NDMA/g  soil)  to  NDMA 
mass  in  solution  (mg  NDMA/cm  liquid),  pb  is  the  dry  bulk  density  of  the  sediment  (g/cm  ),  and 
0  is  the  porosity.  The  IQ  values  for  these  two  experiments  were  0. 17  and  0.026  cm^/g.  The  Kd 
values  of  are  sufficiently  small  that  it  can  be  ignored  during  experiments  with  this  sediment. 

In  this  study,  high  surface  area  silica  (600  m  /g) 
exhibited  NDMA  loss  from  solution,  which  was 
constant  for  700  hours,  and  attributed  to  sorption 
(Figure  4.12a,  diamonds).  Contact  with  biotite, 
magnetite  particles  (oxidized),  and  aluminum 
oxide  (also  Figure  4.12b)  showed  no  degradation 
of  NDMA  over  700  hours,  as  expected. 

NDMA  contact  with  preparations  of  freshly  ground 
magnetite,  FesOd,  and  the  aluminosilicate  mica 
biotite,  K(Fe,Mg)3AlSi30io(F,  OH)2  did  not 
degrade  NDMA,  even  when  these  minerals  were 
freshly  ground  before  experimentation.  We 
hypothesized  that  minerals  with  ferrous  structural 
iron  might  degrade  NDMA.  Ferrous  iron  from 
dissolution  of  biotite  is  reported  to  reduce 
pertechnetate  and  chromate,  so  is  redox  reactive  to 
some  extent.  The  importance  of  grinding  the 
magnetite  and  biotite  is  to  expose  fresh  surfaces. 

This  grinding  process  was  accomplished  in  an 
anaerobic  chamber  as  to  not  oxidize  the  exposed 
surfaces  to  oxygen. 

We  hypothesized  that  minerals  with  available  (or 
redox  reactive)  ferrous  structural  iron  might 
degrade  NDMA.  A  series  of  1 : 1  and 
2:1  phylosilicates  were  reacted  with  NDMA  that 
included  kaolinite  (1:1  clay),  illite  (2:1  clay), 
hectorite  (2:1  smectite  clay,  0.0%  iron),  montmorillonite  (2:1  smectite  clay  2%  iron),  and 
nontronite  (2:1  smectite  clay  22%  iron).  Hectorite  and  nontronite  represent  end  members  of 
2:1  smectite  clay  [K  (Fe,  Mg)3  AlSi3  Oio  (F,  OH)2.],  with  montmorillonite  being  the  most 
common.  We  did  not  attempt  to  determine  the  valence  of  the  structural  iron  before  experi¬ 
mentation,  and  for  the  fine  clay  minerals,  whose  structures  could  be  readily  accessed  by  pore 
solutions,  we  expected  the  iron  to  be  Fe(lll).  NDMA  degradation  did  not  occur  (Figure  4.13) 
with  acid  washed  clays  (at  the  low  soil/water  ratio  used  in  these  experiments),  suggesting  that  the 
presence  of  structural  ferrous  iron,  at  natural  concentrations,  was  not  sufficient  to  cause 
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Figure  4.12.  a)  NDMA  reactions  with 
minerals  with  no  structural  or  adsorbed  Fe(II) 
and  b)  biotite  and  magnetite  (largely 
unavailable  structural  Fe^^). 
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degradation.  The  2:1  clays  (montmoril- 
lonite,  nontronite)  that  contain  some 
structural  ferrous  iron  can  partially  be 
reduced  with  a  strong  aqueous  reductant 
such  as  sodium  dithionite  (Stucki  et  al. 
1984),  although  these  acid  washed  clays 
were  oxic.  The  acid  washing  also  removes 
iron  and  manganese  oxide  coatings  on  the 
clay  surface,  which  is  naturally  present. 

Degradation  of  NDMA  by  2:1  smectite 
montmorillonite  (not  acid  washed)  was 
observed  (Figure  4.14),  which  may 
indicate  the  importance  of  either  adsorbed 
metals  on  the  clay  surface  or  iron  oxides 
on  the  clay  surface.  The  rate  of  NDMA 
degradation  on  the  unaltered  montmoril¬ 
lonite  was  relatively  slow  (528-hour 
half-life). 


4.1.9  Degradation  by  Dithionite- 
Reduced  Smectite  Ciays 

We  hypothesized  that  reduced  structural 
iron  in  smectite  clay  fractions  could  be 
responsible  for  NDMA  degradation.  This 
was  a  logical  result  of  experimentation 
with  reduced  sediment  and  unreduced 
minerals.  Since  unreduced  minerals 
containing  ferrous  iron  did  not  degrade 
NDMA,  and  reduced  sediment  did  degrade 
NDMA,  even  in  the  absence  of  adsorbed  Fe^^,  we  concluded  that  Fe(II)  containing  minerals  with 
high  accessible  surface  areas  were  likely  to  contribute  electrons  to  the  aqueous  NDMA.  We 
reduced  a  pure  mineral  separate,  montmorillonite,  containing  2.2  wt.%  iron,  using  dithionite, 
then  extracted  potentially  adsorbed  Fe^^  using  1-M  KNO3,  and,  in  separate  experiments 
additionally  treated  the  clay  with  0.5  M  for  1  hour  (to  remove  some  iron  oxides  from  the  clay 
surface  and  other  metals)  and  1.0-M  HCl  for  200  hours  to  remove  all  iron  oxides  and  dissolve 
edges  of  some  of  the  clays.  The  various  treated  clays  were  then  reacted  with  NDMA  and  any 
change  in  degradation  rate  observed  over  1000  hours.  Interestingly,  dithionite  reduction  of  the 
montmorillonite  had  essentially  no  influence  on  the  rate  of  NDMA  degradation  (Figure  4.15a), 
compared  with  the  unaltered  montmorillonite.  Because  dithionite  reduction  of  2:1  smectite  clays 
does  reduce  some  structural  iron  in  the  clays,  this  data  suggests  that  either  structural  ferrous  iron 
in  clay  is  not  redox  reactive  with  NDMA,  or  there  is  little  electron  transfer  with  this  ferrous  iron. 

Dithionite  treatment  of  montmorillonite  followed  by  24  hours  of  1-M  KNO3  (to  remove  adsorbed 
Fe(II))  also  showed  essentially  the  same  degradation  rate,  indicating  that  the  adsorbed  ferrous 
iron  appeared  to  not  be  involved  in  NDMA  degradation  (also  in  Figure  4.15a). 


1  10  Titne(h)  100  1000 

Figure  4.13.  NDMA  reactions  with  acid  washed 
clays. 


NDMA  Degradation  in  Unaitered  Montmoriiionite 


Figure  4.14.  NDMA  degradation  in  natural 
(unaltered)  montmorillonite. 
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However,  additional  treatments  of  0.5-M 
HCl  (1  hour)  or  1.0-M  HCl  (200  hours) 
after  dithionite  reduction  of  montmoril- 
lonite  showed  a  considerable  increase 
in  the  NDMA  degradation  rate 
(Figure  4.15b),  which  was  gone  by 
600  hours.  The  0.5-M  HCl  treatment  for 
1  hour  will  dissolve  some  iron  oxides  (if 
present  on  the  surface  of  clays).  The  1-M 
HCl  treatment  for  200  hours  is  considered 
a  “total  iron  oxide”  removal  (Heron  et  al. 
1994;  Szecsody  et  al.  2005a)  for  sediments, 
although  effect  on  clays  are  not  discussed 
in  that  paper.  It  is  likely  that  the  acid 
treatment  will  dissolve  some  broken  edge 
bonds  on  the  montmorillonite,  so  might 
provide  additional  access  to  the  structural 
ferrous  iron. 


4.1 .1 0  NDMA  Degradation  by  Zero 
Valent  Iron  and  Zero  Valent 
Iron/Sediment 

An  alternate  method  to  create  a  subsurface 
reduced  zone  in  an  aquifer  is  to  inject  zero  valent  iron  by  high  pressure  air/water  or  water.  Zero 
valent  iron  will  create  some  adsorbed  ferrous  iron  which  will  desorb  onto  surrounding  sediment, 
so  there  are  geochemical  changes  that  occur  within  the  sediment  as  a  result  of  the  zero  valent 
iron  (i.e.,  the  reduced  zone  is  not  limited  to  a  small  area  associated  just  with  the  zero  valent  iron 
grains.  In  this  study,  NDMA  experiments  with  zero  valent  iron  only  were  conducted  as  well  as 
zero  valent  iron  mixed  with  sediment.  Initially,  NDMA  was  reacted  with  an  aqueous  solution 
containing  differing  amounts  of  two  different  zero  valent  iron  samples.  These  were  Aldrich  zero 
valent  iron  (40-micron  diameter),  and  a  5 -micron  diameter  injectable  zero  valent  iron  (ARS 
Technologies  H-200).  The  purpose  of  these  zero  valent  iron  studies  is  to  have  a  comparison  of 
NDMA  degradation  products  in  a  pure  system  (zero  valent  iron)  to  reduced  sediments  and 
minerals. 

NDMA  appears  to  degrade  slowly  with  the  5-micron  zero  valent  iron  (Figure  4.16),  where  only  a 
few  percent  degradation  (2.5  mg/L)  is  observed  at  four  different  iron/water  ratios.  The  area  of  an 
unknown  degradation  product  (likely  DMA,  identification  not  confirmed),  however,  does 
increase  over  time,  and  is  proportional  to  the  amount  of  zero  valent  iron  (Figure  4. 16b).  Based 
on  these  preliminary  results,  studies  were  conducted  with  the  Aldrich  zero  valent  iron  at  a  higher 
NDMA  concentration  (22  mg/L,  Figure  4.17a).  The  same  results  were  observed;  a  slow  NDMA 
degradation,  and  production  of  a  degradation  compound. 

In  contrast,  the  40-micron  Aldrich  zero  valent  iron  (possibly  with  greater  surface  area)  is  much 
more  reactive  with  NDMA.  In  a  previous  study,  it  was  found  that  mixed  metals  (Fe,  Ni) 
degraded  NDMA  more  rapidly  than  zero  valent  iron  alone,  and  all  commercially  available  zero 


NDMA  Deg.  on  Clay:  Influence  of  Treatment 


NDMA  Deg.  on  Clay:  Influence  of  Treatment 


^ — untreated  montmorillonite 
— dith. -reduced  mont>  +  1h  0.5M  HCl 
— dith. -reduced  mont.+  200  h  1M  HCl 

Time  (h)  100 


1000 


Figure  4.15.  a)  NDMA  degradation  by  reduced 
montmorillonite  with/without  adsorbed  Fe(II)  and 
b)  with  additional  Fe-oxide  phases  removed. 
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valent  iron  particles  have  some  trace  metals.  NDMA  degradation  was  a  direct  function  of  the 
iron/NDMA  ratio  (Figure  4.17b),  with  a  more  rapid  NDMA  degradation  rate  at  a  higher  molar 
ration  of  Fe/NDMA. 


S58-61 ;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI)  S58-61 ;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 


Figure  4.16.  2.5-mg/L  NDMA  degradation  with  5-micron  zero  valent  iron. 


Figure  4.17.  22-mg/L  NDMA  degradation  with:  a)  5-micron  and  b)  40-micron  zero  valent 
iron. 


Anaerobic  sediment  with  zero  valent  iron  takes  a  few  100  hours  to  develop  reducing  conditions 
(Figure  4.18).  Alternatively,  although  the  chemically  reduced  sediment  is  initially  under  more 
reducing  conditions,  it  is  not  as  reducing  conditions  as  the  zero  valent  iron-sediment  system. 
However,  biotic  processes  (in  the  presence  of  an  appropriate  carbon  source)  result  in  further 
reduction  over  hundreds  of  hours  (Figure  4.18),  which  eventually  produces  the  about  the  same 
reducing  conditions  as  the  zero  valent  iron-sediment  system.  In  order  to  compare  these  rates 
with  those  in  reduced  sediments,  a  molar  ratio  of  iron  (zero  valent  in  this  case)  to  NDMA  was 
plotted  against  the  NDMA  degradation  half-life  (in  hours.  Figure  4.19).  Compared  to  reduced 
Aerojet  and  Ft.  Lewis  sediment  (molar  ratio  of  ferrous  iron  to  NDMA),  the  40-micron  zero 
valent  iron  is  1  to  3  orders  of  magnitude  more  rapid,  or  only  a  small  quantity  of  zero  valent  iron 
in  sediment  is  needed  to  degrade  NDMA  at  the  same  rate  as  reduced  sediment. 
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In  general,  a  reactive  zone  created  at  the 
field  scale  can  be  a  few  feet  in  flow  path 
length  (i.e.,  pure  zero  valent  iron  wall)  or 
30  to  40  ft  (dithionite  reduction  of 
sediment).  A  new  technology  for  injecting 
5-micron  size  zero  valent  iron  particles  into 
an  aquifer  using  shear-thinning  fluid  can 
place  a  small  concentration  of  zero  valent 
iron  particles  directly  in  the  aquifer 
through  a  well.  Large  grain  size  zero 
valent  iron  has  been  previously  used  for 
coupled  abiotic/biotic  remediation  in  soils 
(i.e.,  were  sediments  can  be  mixed  with 
zero  valent  iron)  and  to  some  extent  in 
shallow  aquifers  where  it  has  been  deter¬ 
mined  to  be  some  microbial  activity  near 
zero  valent  iron  walls.  However,  zero 
valent  iron  walls  are  typically  limited  in 
depth  to  <50  to  100  ft  by  trench  installation. 

Deeper  zero  valent  iron  walls  can  be 
installed  by  shear  plane  injection  with 
wells  spaced  15  ft  apart  (i.e.,  process 
developed  by  GeoSierra).  In  addition, 

5 -micron  zero  valent  iron  particles  can  be 
injected  into  aquifers  in  a  low  concen¬ 
tration  (<2%)  using  a  shear  thinning  fluid 
to  achieve  a  relatively  uniform  spatial 
distribution  of  particles  (Dr.  Mart  Oostrom, 

PNNL).  The  shear  thinning  fluid  is 
necessary  to  keep  the  very  dense  iron 
particles  in  suspension. 

With  the  various  technologies  available  to 
introduce  zero  valent  iron  or  reduced 
sediment  in  the  subsurface,  the  residence 
time  of  a  contaminant  such  as  NDMA  can 
be  relatively  short  (hours  to  tens  of  hours) 
for  thin  zero  valent  iron  walls,  or  1000  hours  for  a  40-ft  thick  reduced  sediment  zone.  As  such, 
rates  that  are  relevant  at  the  field  scale  are  typically  <300  hours  (half-life)  for  viable  field-scale 
remediation  (Figure  4. 19).  At  this  scale,  if  the  40-micron  zero  valent  iron  could  be  placed  in 
aquifer  sediments,  only  a  few  percent  zero  valent  iron  would  be  needed.  The  5-micron  zero 
valent  iron  is  injectable,  but  experiments  (Figures  4.16  and  4.17)  show  much  slower  NDMA 
degradation  rates  compared  with  the  40-micron  zero  valent  iron. 

Additional  experiments  were  conducted  with  the  5-  and  40-micron  zero  valent  iron  (Figure  4.20) 
at  different  zero  valent  iron/NDMA  ratios.  These  results  showed  progressively  more  rapid 
degradation  with  increasing  zero  valent  iron  concentration.  As  before,  the  degradation  rate  was 


lO'^T 


10' 


a 


a 
u 
ox 

QJ 

I  10' 

Q 


10^ 


^  NDMA  Degradation 

Rates 

Ft  Lewis>-^  y  ^ 

sediment  A 

zero-valent  iron 

vA  ^ 

V  V 

Aerojet 

V 

sediment 

V 

V 

1 

V 

y 

t 

Aerojet 

aquifer 

10^  10^  10'  lO""  10' 

molar  ratio  (ferrous  iron/NDMA) 


10^ 


Figure  4.19.  Comparison  of  NDMA  degradation  rates 
in  reduced  sediments  to  40-micron  zero  valent  iron. 
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inversely  proportional  to  the  concentration 
of  NDMA.  The  effectiveness  of  degra¬ 
dation  with  zero  valent  iron  suggests  that 
this  could  act  as  an  injectible  reductant  in 
aquifer  systems. 

4.1.11  NDMA  Degradation 
Products 

In  most  experiments  described  above,  the 
concentration  of  any  NDMA  degradation 
products  were  not  measured.  A  common 
degradation  intermediate,  dimethalamine 
or  DMA  (Gui  et  al.  2000),  can  be  measured 
on  an  HPLC  using  a  fluorescent  tag,  as 
described  in  Section  3.0.  This  method  was 
modified  somewhat  from  literature  in  order 
to  measure  lower  DMA  concentrations. 

An  experiment  was  conducted  in  which 
the  reduced  Aerojet  sediment  at  pH  10.5 
was  used,  and  NDMA  and  DMA  were 
measured.  Results  of  this  experiment 
(Figure  4.21)  show  that  NDMA  is  degrad¬ 
ing  more  slowly  (half-life  191  hours)  than 
previously  shown  at  pH  10.5  (Figures  4.6 
and  4.10;  half-life  as  fast  as  8  hours)  due  to 
a  smaller  sediment/water  ratio  used  in  the 
experiment.  By  1000  hours,  the  initial 
1.8-mg/L  NDMA  had  degraded  to  4%  of 
the  injection  concentration  (0.075  mg/L),  which  is  essentially  the  lower  reliable  detection  limit. 
Separate  samples  taken  were  derivatized  and  analyzed  for  DMA  (red  points,  Figure  4.21),  which 
showed  that  DMA  is  the  major  degradation  product  for  the  first  1000  hours  (likely  along  with 
N2O  (reported  under  alkaline  conditions.  Figure  4.5)  or  NO  (reported  with  zero  valent  iron  or 
magnetite).  Mass  balance  of  just  NDMA  -i-  DMA  (black  diamonds.  Figure  4.21)  decreased  after 
100  hours,  and  was  at  78%  by  1000  hours,  indicating  DMA  was  being  degraded  to  a  further, 
unknown  product.  Additional  column  experiment  results  show  DMA  concentrations  in  1-D 
column  experiment  effluent  ranging  from  0%  to  40%  of  the  mass  of  NDMA  degraded,  so  this 
current  mass  balance  experiment  is  much  greater  (Figure  4.22,  Table  4.1).  DMA  also  appears  to 
be  unstable  in  some  aqueous  conditions,  although  this  has  not  been  fully  investigated.  DMA  was 
degrading  in  oxic  water  at  a  half-life  of  120  hours  (pH  7).  Because  DMA  in  this  experiment 
(pH  10.5,  reducing  conditions)  appears  to  be  much  more  stable,  it  could  be  the  pH  that  results  in 
the  DMA  stability.  The  derivitization  method  uses  NaOH  (pH  12),  and  DMA  is  reported  stable 
for  a  few  hours  as  a  complex.  The  most  likely  reason  for  the  alkaline  conditions  is  to  ionize  the 
derivitization  agent  (DNFB,  dinitrofluorobenzene),  as  DMA  is  ionized  (pKa  =  10.73).  DMA  is 
highly  soluble  (354  g/100  mL),  but  is  known  to  degrade  under  weak  acid  conditions. 


S62-65;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 


Figure  4.20.  NDMA  degradation  by  40-micron  zero 
valent  iron  at  different  iron/NDMA  ratios. 


Figure  4.21.  NDMA  degradation  to  DMA  in  reduced 
Aerojet  sediment  at  pH  10.5. 
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Figure  4.22.  NDMA  degradation  to  DMA  in  reduced  Ft.  Lewis  sediment  in  1-D  columns  with 
differing  residence  times:  a)  13.7  hours,  b)  33.3  hours,  c)  67  hours,  and  d)  147  hours. 


Table  4.1.  NDMA  degradation  rates  in  Ft.  Lewis  and  Aerojet  sediment  columns. 


exp.  description 

influent 

NDMA 

(mg/L) 

effluent  residence 
NDMA  time 

(C/Co)  (h) 

NDMA 

half-life 

(h) 

NDMA 

lost 

(C/Co) 

effluent 

DMA 

(C/Co) 

DMA/ 

NDMA 

(mol/mol) 

pv 

elapsed 

W96  1-D,  red.  Fe  Lewis  sed  (di/Fe  =  4) 

2.5 

0.888 

13.7 

79.9 

0.112 

0.043 

0-12 

W97  1-D,  red.  Fe  Lewis  sed  (di/Fe  =  4) 

2.5 

0.784 

33.3 

94.8 

0.216 

0.049 

0.227 

12-19 

W98  1-D,  red.  Fe  Lewis  sed  (di/Fe  =  4) 

2.5 

0.692 

67.0 

126.1 

0.308 

0.054 

0.175 

19-26 

W99  1-D,  red.  Fe  Lewis  sed  (di/Fe  =  4) 

2.5 

0.535 

147 

162.4 

0.466 

0.1036 

0.222 

26-29 

W100  1-D,  red.  Ft  Lewis  sed.(di/Fe=12) 

2.44 

0.872 

15.0 

75.9 

0.128 

0.006 

0.047 

0-7 

W101  1-D,  red.  Ft  Lewis  sed.(di/Fe=12) 

2.78 

0.719 

66.8 

140.3 

0.281 

0  -  0.403 

-- 

0-5 

W102  1-D,  red.  Aerojet  sed.(di/Fe=27) 

2.5 

0.975 

12.6 

345 

0.025 

0.000 

0.000 

0-11 

W103  1-D,  red.  Aerojet  sed.(di/Fe=27) 

2.5 

0.959 

72.6 

1202 

0.041 

0-0.125 

- 

11  -  18 

W104  1-D,  red.  Aerojet  sed.(di/Fe=2.8) 

2.5 

0.888 

25.0 

146 

0.112 

0.016 

0.143 

0-6 

W105  1-D,  red.  Aerojet  sed.(di/Fe=2.8) 

2.5 

0.954 

134 

1972 

0.046 

0.000 

0.000 

6-8 

W106  1-D,  red.  Aerojet  sed.(di/Fe=0.54) 

2.44 

0.901 

14.1 

93.7 

0.099 

0.000 

0.000 

0-9 

W107  1-D,  red.  Aerojet  sed.(di/Fe=0.54) 

2.78 

0.975 

73.9 

2023 

0.025 

0.000 

0.000 

9-16 
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These  results  and  NDMA  mineralization  results  presented  in  Task  2  and  Task  3  results  show 
that  DMA  is  degraded  to  further,  unidentified  products.  Carbon  mass  balance  (with  '"^C-labeled 
NDMA)  conducted  at  3000  hours  in  oxic  and  reduced  systems  (described  under  Task  2)  revealed 
some  interesting  results.  In  oxic  systems,  which  are  known  to  be  dominated  by  a  monooxygenase 
pathway  (likely  propane  monooxygenase)  shows  80.0%  average  total  mass  balance.  In  contrast, 
carbon  mass  balance  in  reduced  systems  shows  only  51%  mass  balance.  Some  NDMA  is 
mineralized  in  reduced  systems  by  unknown  abiotic/biotic  pathways,  and  there  appears  to  be 
significantly  less  biomass  in  reduced  systems  (implying  degradation  may  be  in  part  abiotically 
controlled).  Carbon  mass  balance  accounted  for  NDMA,  all  aqueous  *"^C-containing  species, 

CO2  (mineralized),  NDMA  adsorbed  to  sediment  and  microbes,  and  carbon  mass  incorporated  in 
microbes. 

In  reduced  systems,  one  phase  that  was  not  well  accounted  for  in  reduced  systems  was  low 
molecular  weight  species  that  may  be  volatile  (i.e.,  in  the  headspace  in  the  vials).  Possible  DMA 
degradation  pathway  (Figure  4.5)  could  produce  formaldehyde,  methylamine,  and  formate,  all  of 
which  are  somewhat  volatile.  In  a  few  final  experiments  of  this  project,  samples  taken  after  1000 
and  2000  hours  of  NDMA  reaction  with  dithionite-reduced  sediment  were  analyzed  for  low 
molecular  weight  compounds.  The  initial  NDMA  concentration  was  2.5  mg/L  (34  pM).  At  both 
1000  and  2000  hours,  the  NDMA  concentration  was  below  detection  limits  (0.05  mg/L)  and 
1.1-mg/L  (17.7-pM)  nitrate  was  detected  (1100  hours),  and  0.4-mg/L  nitrate  at  2000  hours.  It 
should  be  noted  that  nitrous  oxide  is  suspected  to  form  under  these  alkaline  conditions 
(Figure  4.5),  but  this  was  not  analyzed  for.  In  addition,  methylamine  and  formaldehyde  was  not 
detected,  although  trace  concentrations  of  formate  were  detected. 

A  series  of  12-column  experiments  have  been  conducted  with  dithionite-reduced  sediment 
(Ft.  Lewis  and  Aerojet)  with  measurement  of  DMA  (dimethylamine,  Szecsody  et  al.  2008a,  b). 
The  initial  NDMA  concentration  in  all  of  these  columns  was  2.1  to  2.8  mg/L,  so  the  NDMA 
degradation  rate  will  be  rather  slow.  Long  sediment-NDMA  contact  times  where  chosen  for  the 
column  studies  in  order  to  have  some  NDMA  degradation  occur.  DMA  was  analyzed  by 
derivatization  with  DNFB  and  HPLC  analysis,  as  described  in  the  experimental  section.  While 
some  issues  of  the  DNFB  peak  interfering  with  the  DMA  peak  were  resolved,  the  problem 
persisted  at  low  DMA  concentrations  and  resulted  in  poor  DMA  concentration  accuracy  at  low 
DMA  concentration.  Column  experiments  (Figure  4.22)  typically  showed  very  consistent 
NDMA  concentration  lower  than  influent  concentration,  indicating  a  steady-state  rate  of 
degradation.  Sorption  of  NDMA  was  minimal  (Kd  <  0.1  cm^/g),  so  would  influence  lag  in 
NDMA  concentration  at  <2  pore  volumes. 

The  NDMA  effluent  concentration  relative  to  influent  concentration  was  used  to  calculate  an 
NDMA  degradation  rate  (Table  4.1).  NDMA  degradation  half-lives  for  the  Ft.  Lewis  sediment 
ranged  from  76  to  162  hours  in  six  different  column  experiments,  and  appeared  to  have  a  trend  of 
slower  degradation  rate  with  each  successive  column.  These  rates  were  similar  to  other  columns 
(Table  4.2,  described  in  a  following  section). 

The  DMA  concentration  in  the  effluent  was  small,  ranging  from  0.0%  to  40%  of  the  influent 
NDMA  molar  concentration  (comparison  on  a  molar  basis).  The  average  DMA  effluent  concen¬ 
tration  accounted  for  25%  ±  9%  of  the  NDMA  mass  loss,  with  a  range  from  5%  to  38%.  DMA 
aqueous  stability  has  not  been  fully  investigated,  but  some  experiments  (Figure  4.23)  show  that 
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it  is  not  stable  in  aqueous  solution  at  pH  7 
in  a  dark  container.  This  experiment  was 
run  for  125  hours  at  5°C,  and  showed  56% 
degradation  (degradation  half-life  104  hours 
at  5°C,  DMA  concentration  39  mg/L). 
Because  column  studies  are  run  at  time 
scales  form  tens  to  hundreds  of  hours, 
significant  DMA  degradation  of  effluent 
samples  (underivatized)  is  likely  occurring, 
so  effluent  vials  contain  derivatization 


chemicals  (DNFB,  NaOH,  acetonitrile).  Figure  4.23.  DMA  aqueous  stability  at  5°C. 

This  can  minimize  DMA  degradation  once 
the  aqueous  solution  leaves  the  column, 

but  there  may  be  degradation  in  the  water  in  the  column  over  the  long  time  scales  of  the  column 
experiment.  Because  DMA  is  unstable  in  aqueous  solution,  then  it  would  be  difficult  to  achieve 
NDMA  to  DMA  mass  balance  in  experiments.  UDMH  (or  other  degradation  products  indicated 
in  Figure  4.5)  may  also  be  produced  during  NDMA  contact  with  reduced  sediment  that  current 
analytical  methods  are  not  detecting. 


A  series  of  six  column  experiments  were  conducted  with  reduced  Aerojet  sediment  at  three 
different  amounts  of  sediment  reduction,  as  defined  by  the  molar  ratio  of  dithionite  to  reducible 
iron  in  the  sediment  (dithionite/ferrous  iron  =  27,  2.8,  and  0.54,  Table  4.1).  The  NDMA 
degradation  half-lives  in  these  experiments  varied  widely  from  94  to  2023  hours,  indicating  an 
inconsistent  dithionite  reduction  of  sediment.  Additional  Aerojet  sediment  is  currently  being 
reduced  to  repeat  these  studies.  With  very  slow  NDMA  degradation  rates,  most  of  these  Aerojet 
sediment  experiments  showed  no  DMA  in  the  effluent,  although  two  experiments  showed  small 
concentrations  of  DMA. 


4.1.12  Upscaling  to  Field  Conditions:  High  Sediment/Water  Ratio 

As  shown  in  previous  sections,  the  observed  NDMA  degradation  rate  is  proportional  to  the 
amount  of  adsorbed  Fe^^  and  surface  phases,  so  a  higher  sediment/water  ratio  results  in  a  higher 
observed  NDMA  degradation  rate  (Figure  4.19),  assuming  all  other  conditions  are  the  same.  In  a 
groundwater  aquifer,  the  sediment/water  ratio  is  quite  high  (5  to  10  g/mL),  but  there  is  little 
mixing  of  the  solution  with  the  surface,  that  occurs  in  batch  experiments.  A  series  of  32  stop- 
flow  1-D  column  experiments  were  conducted  to  quantify  the  NDMA  degradation  rate  that 
occurs  at  a  high  sediment/water  ratio  of  an  aquifer.  Residence  times  ranged  from  1  to  400  hours. 
Single  “points”  in  Figure  4.24  represent  an  average  concentration  of  four  analyzed  effluent 
samples.  Batch  experiments  have  demonstrated  that  the  amount  of  sediment  reduction  has  a 
significant  influence  on  NDMA  degradation  (Figure  4.6a).  Even  with  high  sediment  reduction, 
there  was  additional  influence  of  the  pH  on  the  NDMA  degradation  rate  (Figure  4.7a).  Four 
different  sediment  conditions  were  addressed  ranging  from  more  ideal  conditions  for  NDMA 
degradation  to  conditions  that  have  been  shown  to  exhibit  slower  NDMA  degradation:  a)  fully 
reduced  Aerojet  sediment  (pH  10.5)  injecting  pH  10.5  NDMA-laden  water,  b)  weakly  (10%) 
reduced  Aerojet  sediment  (pH  10.5),  c)  fully  reduced  Aerojet  sediment  with  pH  7  unbuffered 
water,  and  d)  fully  reduced  Aerojet  sediment  (pH  10.5)  at  pH  7  buffered  water  (Figure  4.24). 
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Under  the  most  ideal  conditions  of  fully 
reduced  Aerojet  sediment  at  pH  10.5  (the 
Aerojet  aquifer  is  at  pH  9.3,  but  the 
carbonate  buffered  solution  used  to  reduce 
sediment  is  at  pH  10.5),  NDMA  was 
quickly  degraded.  A  series  of  eight  stop- 
flow  columns  (four  data  points  collected 
for  NDMA  concentration  on  each)  at 
residence  times  ranging  from  1  to  200  hours 
showed  an  NDMA  degradation  rate  greater 
than  0.56  hour  (Figure  4.24a,  sediment/ 
water  ratio  averaged  5.6  g/mL).  However, 
packing  columns  with  10%  highly  reduced 
sediment  and  90%  anoxic  sediment,  this 
NDMA  degradation  rate  decreases  to 
120  days,  or  1000  times  slower 
(Figure  4.24b).  This  method  to  create 
“partially”  reduced  sediment  (or  very  small 
pockets  of  highly  reduced  sediment  in 
anoxic  sediment)  would  not  produce  the 
same  results  as  shown  earlier  where  anoxic 
sediment  is  reduced  with  lower  concen¬ 
trations  of  dithionite.  Under  conditions 
where  the  highly  reduced  Aerojet  sediment 
(at  pH  10.5)  was  subjected  to  the  NDMA- 
laden  influent  water  at  pH  7  (unbuffered. 
Figure  4.24c),  the  pH  should  slowly 
decrease,  thus  slowing  NDMA  degradation 
(comparable  batch  experiment  in 
Figure  4.7a).  The  observed  NDMA  degra¬ 
dation  rate  for  eight  stop-flow  columns  was 
(half-life,  2.9  hours.  Figure  4.24c)  was  five 
times  slower  than  under  the  most  ideal 


conditions  (Figure  4.24a,  influent  water  pH  10.5).  When  pH  7  buffered  (10  mM  PIPES  buffer) 
NDMA-laden  water  was  injected  into  columns,  the  NDMA  degradation  rate  was  about  the  same 
(Figure  4.24d)  with  a  half-life  of  2.9  hours.  It  is  expected  that  while  these  experiments  only 
subjected  the  columns  to  about  52  pore  volumes  of  water  (and  the  reductive  capacity  is  expected 
to  last  about  250  pore  volumes  of  02-saturated  water),  over  time,  the  reductive  capacity  will 
decrease,  and  the  NDMA  degradation  rate  will  slow  considerably.  Longevity  of  the  barrier  is 
addressed  in  Task  3. 


An  additional  10  stop- flow  columns  were  conducted  with  reduced  Aerojet  sediment  that  was  pre¬ 
equilibrated  at  pH  7.5  (50  pore  volumes  over  a  week)  to  ensure  pH  7.5  was  achieved  throughout 
the  sediment  in  the  columns  (Figure  4.25).  As  shown  in  an  earlier  batch  experiment  (Figure  4.7a), 
NDMA  degradation  is  weak,  and  there  was  no  DMA  measured  in  any  of  the  columns,  with 
residence  times  ranging  from  50  to  800  hours  (likely  due  to  the  combination  of  low  DMA 
concentration  produced  and  aqueous  degradation  of  DMA).  As  the  sediment  pH  is  changed  from 
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10.5  to  7.5  adsorbed  ferrous  iron  is  not  as 
redox  reactive,  as  well  as  the  process  of 
manipulating  the  conditions  in  the  sediment 
(anoxic  water)  washes  out  much  of  the 
adsorbed  ferrous  iron,  so  these  results  are 
not  surprising.  These  results  would  be  not 
be  representative  of  field  conditions  at 
Aerojet,  which  the  aquifer  pH  is  9.2. 
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Figure  4.25.  NDMA  degradation  in  stop-flow  columns 
at  pH  7.5  (buffered)  water  with  DMA  analysis. 


4.1.13  Upscaling  to  Field 

Conditions:  Advective  Fiow 
and  Temperature 

Field-scale  conditions  of  a  high  soil/water 
ratio  for  reduced  sediment  with  advective 
flow  can  be  achieved  in  1-D  sediment 
columns.  Groundwater  temperature  can 
also  be  easily  achieved  in  laboratory 
experiments.  Aerojet  groundwater  geo¬ 
chemistry  can  also  be  achieved.  A  series 
of  twenty-four  1-D  column  experiments 

was  conducted  at  varying  temperature  (each  experiment  shown  separately  in  Appendix  A.  8), 
NDMA  concentration,  and  sediment  reduction  to  determine  NDMA  degradation  rates  that  would 
occur  under  field-scale  conditions  (Figure  4.26).  NDMA  degradation  rates  were  determined 
from  each  experiment  (Table  4.2).  Each  plot  shows  NDMA  degrading  in  four  different  column 
experiments  at  different  amounts  of  sediment  reduction.  In  Figure  4.26a  (22°C),  the  least 
reduced  sediment  shows  NDMA  breakthrough  at  75%  to  90%  of  the  injection  value.  The  flow 
rate  in  this  experiment  was  very  slow  (75  h/pore  volume).  Sediments  with  greater  reduction 
(other  three  experiments  plotted  in  Figure  4.26a)  showed  much  greater  degradation  (which 
calculates  to  a  faster  NDMA  degradation  rate.  Table  4.2).  Higher  temperature  studies 
(Figure  4.26c  through  4.26e)  show  less  degradation,  as  (apparently)  NDMA  abiotic  degradation 
is  an  exothermic  reaction. 


These  temperature  studies  showed  that  NDMA  degraded  more  slowly  at  higher  temperature  (i.e., 
it  is  an  exothermic  reaction),  which  is  different  from  CL-20,  RDX,  and  octahydro-1,3,5,7- 
tetranitro-l,3,5,7-tetrazocine  (HMX)  degradation  by  reduced  sediment.  The  NDMA  degradation 
half-lives  were  rapid  for  highly  reduced  sediment  (9  to  10  hours)  and  315  hours  for  partially 
reduced  sediment  (at  22°C). 

Based  on  NDMA  degradation  experiments  conducted  in  columns  at  different  temperature,  the 
NDMA  degradation  reaction  appeared  to  be  exothermic,  with  an  activation  energy  of  58  kJ/mol 
(Figure  4.27),  indicating  the  reaction  is  chemically  controlled.  The  sediment  at  low  reduction 
may  have  been  oxidized  due  to  limited  capacity,  so  the  rate  data  is  suspect. 
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Figure  4.26.  NDMA  degradation  in  1-D  columns  at  four  different  reductions  at:  a)  22°C, 
2.5-mg/L  NDMA;  b)  22°C,  0.25-mg/L  NDMA;  c)  34°C,  2.5-mg/L  NDMA;  d)  45°C,  2.5-mg/L 
NDMA;  and  e)  56°C,  2.5-mg/L  NDMA. 


Groundwater  conditions  expected  in  the  5 -layer  Aerojet  aquifer  include: 

•  temperature  from  to  21'^C  (depending  on  depth) 

•  NDMA  concentration  from  extremely  low  part  per  trillion  levels  to  36  ppb 

•  unknown  dissolved  oxygen  concentration. 
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Table  4.2.  NDMA  degradation  rates  in  dithionite-reduced  sediments  in  1-D 
column  studies  at  different  temperature. 

NDMA  intrinsic  degradation  rate  (mol/h)  and  half-life  [h] 
high  reduction  low  reduction 

T  (°C)  (di/Fe  =  37)  (di/Fe  =  22)  (di/Fe  =  13)  (di/Fe  =  4) 

22  1.56E-8  [10.5]  1.03E-8  [15.9]  5.15E-9  [31.8]  5.20E-10  [315] 

22*  1.78E-9[9.2]  1 .50E-9  [12.8]  5.49E-10[30]  3.49E-10  [45] 

34  4.62E-9  [35.4]  2.79E-9  [58.7]  1 .80E-9  [91.1]  2.56E-1 1  [6300] 

45  2.23E-9  [73.6]  1.36E-9  [121]  1.27E-9  [129]  2.84E-1 1  [5800] 

56  1 .31 E-9  [125]  9.05E-1 0  [1 81  ]  1 .03E-9  [159]  1 .65E-1 1  [9900] 

*  at  0.25  mg/L  NDMA,  all  other  studies  at  2.5  mg/L  NDMA 


The  NDMA  degradation  rate  at  aquifer 
temperature  can  be  extrapolated  from  the 
temperature  studies  (Table  4.2)  and  the 
change  in  rate  between  laboratory  and  field 
(36  ppb)  concentration  can  be  extrapolated 
from  the  relationship  in  Figure  4. 19. 

The  temperature  studies  indicate  NDMA 
will  be  degraded  with  a  half-life  of 
8.8  hours  (16°C)  to  10.2  hours  (21°C), 
given  the  average  rate  change  of  0.28  hour 
(half-life)  per  degree  Celsius.  The  NDMA 
degradation  rate  increases  19.3  times  for 
every  order  of  magnitude  decrease  in 
NDMA  concentration  (line  plotted  in 
Figure  4.19,  log- log  fit),  so  assuming  the 
field  experiment  is  conducted  at  36-ppb 
NDMA  concentration  (laboratory  studies  at  Figure  4.27.  NDMA  activation  energy  in  reduced 
2.5  mg/L),  there  should  be  a  35.5-time  sediment, 

increase  in  the  NDMA  degradation  rate. 

Therefore,  the  estimated  NDMA  degradation  half-life  in  highly  reduced  sediment  at  16°C  and 
36-ppb  NDMA  is  0.24  and  0.29  hour  at  21°C.  These  represent  the  fastest  rates  that  would  be 
observed,  as  this  is  the  most  reduced  sediments.  Partially  reduced  sediments  will  degrade 
NDMA  more  slowly.  In  sediments  with  low  reduction,  the  NDMA  degradation  rate  is  about 
30  times  slower  or  a  7.2-hour  half-life  at  16°C  and  36-ppb  NDMA. 

4.1.14  Calculated  NDMA  Degradation  Rate  under  Aerojet  Aquifer  Conditions 

Assuming  a  dithionite-reduced  zone  is  created  in  a  single  well  in  a  single  aquifer  unit,  the 
relative  NDMA  concentration  decrease  in  groundwater  flowing  through  the  reduced  zone  can  be 
calculated. 
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These  calculations  (Table  4.3)  use  the  laboratory-derived  degradation  half-lives  of  0.26  hour 
(highly  reduced  sediment)  and  7.2  hours  (partially  reduced  sediment),  as  previously  described, 
with  a  range  of  field  conditions:  a)  10-  and  30-ft  diameter  reduced  zone,  b)  groundwater  flow 
rates  from  0.01  to  1.0  ft/day  (natural  in  the  0.01  to  0.1  ft/day,  1  ft/day  would  be  rate  near  a 
pumping  well),  and  c)  36-ppb  NDMA  (highest  recorded  at  Aerojet;  lower  concentrations  would 
degrade  more  rapidly).  Given  the  action  limit  of  0.7  ppt,  the  NDMA  concentration  calculated  in 
Table  4.3  (in  ppb)  needs  to  be  <7.00E-04.  With  a  zone  of  high  reduction,  (“high  reduction” 
column  in  Table  4.3),  even  a  5-ft  radius  injection  of  dithionite  would  be  effective.  However,  if 
only  low  reduction  is  achieved  at  the  field  scale,  then  a  larger  15-ft  radius  reduced  zone  is  still 
not  effective  at  a  very  high  groundwater  flow  rate  (1.0  ft/day). 


Table  4.3.  NDMA  estimated  concentration  down  gradient  of  a  reduced  sediment 
zone. 


barrier 

groundwater 

residence 

high  reduction: 

low  reduction: 

width 

flow 

time  in  zone 

NDMA  degraded  NDMA  degraded 

(ft) 

(ft/day) 

(days) 

(ppb)* 

(ppb)** 

10 

0.01 

1000 

O.OOE+00 

5.42  E-41 

10 

0.10 

100 

1.08E-114 

2.37E-03 

10 

1.0 

10 

1.01E-10 

1.37E+01 

30 

0.01 

3000 

O.OOE+00 

1.23E-124 

30 

0.10 

300 

O.OOE+00 

1.02E-11 

30 

1 

30 

7.94E-34 

2.00E+00 

*  C/Co  =  exp[-2.66/h  *  residence  time]*36 
*2.66/h  =  rate  for  0.26  h  half-life 
*‘0.0963/h  =  rate  for  7.2  h  half-life 


The  parameters  that  define  the  greatest  difference  in  NDMA  degradation  are:  a)  amount  of 
sediment  reduction,  b)  groundwater  flow  rate,  and  c)  NDMA  concentration.  These  results  show 
that  the  field  test  should  not  be  conducted  near  a  pumping  well  (with  high  effective  groundwater 
flow  rates  and  subsequently  very  low  residence  times  in  the  reduced  zone).  In  addition,  a  small, 
highly  reduced  zone  is  more  effective  than  a  larger  zone  with  low  reduction.  The  injection 
strategy  can  easily  be  designed  to  create  a  small,  highly  reduced  zone.  Overall,  these  results 
show  that  in  all  possible  cases,  it  is  possible  to  determine  whether  NDMA  is  degraded  (i.e.,  worst 
case  of  low  reduction,  small  reduced  zone,  and  high  flow,  there  is  still  a  NDMA  concentration 
decrease),  but  a  viable  remediation  scheme  to  degrade  NDMA  to  action  limits  requires  a  highly 
reduced  zone  and  sufficient  residence  time  in  the  zone  to  degrade  to  parts  per  trillion  levels. 
NDMA  degradation  to  parts  per  trillion  levels  is  measured  (described  in  Section  4.3). 

4.1 .1 5  Reduced  Zone  Longevity  for  Aerojet  Sediment 

A  reduced  zone  created  in  the  Aerojet  aquifer  will  reduce  all  electron  acceptors  passing  through 
the  zone,  which  includes  NDMA  and  dissolved  oxygen.  Over  time,  the  barrier  will  oxidize,  and 
the  NDMA  degradation  rate  will  decrease,  as  shown  in  separate  experiments  with  sediments  with 
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differing  amounts  of  reduction.  The  Aerojet  aquifer  has  considerable  capacity  (Figure  4.28),  so 
longevity  as  defined  by  oxygen  consumption  (i.e.,  total  ferrous  iron  consumption),  the  longevity 
is  about  23  years: 

(30  ft)(day/1.0  ft)(277  pore  volume)(year/365.25  days)  =  23  years  (4.2) 

for  8.4-mg/L  O2, 


The  longevity  of  the  reduced  zone  for 
degrading  NDMA  to  0.7  ppt  is  less  than 
this  value.  While  separate  1-D  column 
experiments  with  fully  and  partially 
reduced  sediments  have  been  conducted 
(Figure  4.26),  the  decrease  in  the  NDMA 
degradation  rate  as  sediment  is  oxidized 
over  a  long  period  of  time  is  shown  in 
Task  3  results.  This  type  of  experiment  is 
shown  in  Figure  4.29  for  chromate 
(separate  project),  in  which  the  chromate 
reduction  half-life  increases  considerably 


Figure  4.28.  Oxidation  of  reduced  Aerojet  sediment 
with  oxygen-saturated  water. 


at  about  150  pore  volumes  (total  ferrous  iron,  as 
defined  by  dissolved  oxygen  consumption  was  =  1 00 
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considerably  lower  toxicity  than  NDMA.  In  other  pore  volumes 
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reductive  capacity  =  220  pv  02  =  74  umol  Fe/g 


words,  is  degradation  to  dimethylamine  (DMA) 
sufficient,  or  is  mineralization  required.  Results  in 
this  study  indicate  that  DMA  is  produced  with 
reaction  of  NDMA  with  reduced  sediment,  as 
defined  by  HPLC  analysis  of  degradation  products 
and  DMA  standard.  However,  since  DMA  is 
degraded  further  (Figure  4.21),  NDMA  minerali¬ 
zation  needs  to  be  considered,  as  described  in 


Tasks  2,  3,  and  4  results  (following  sections). 


pore  volumes 


Figure  4.29.  Long-term  oxidation  column 

The  toxicity  of  DMA  was  considered.  It  appears  experiment  with  a  reduced  sediment  column 

to  be  toxic  at  very  high  concentrations,  so  would  in  which  2-mg/L  chromate,  8.4-mg/L  O2,  and 

not  be  toxic  at  <36  ppb  in  the  Aerojet  aquifer,  60-mg/L  nitrate  was  injected.  Effluent 

assuming  1 00%  of  the  NDMA  was  degraded  to  concentration  of  dissolved  oxygen  (a),  and 

DMA.  In  aqueous  solution,  DMA  has  a  threshold  chromate  (b)  are  shown, 
limit  value  of  5  ppm  and  short-term  exposure  limit 

of  15  ppm,  so  is  not  classifiable  as  a  human  carcinogen.  In  a  long-term  toxicity  study  of  rates, 
DMA  at  0,  10,  50,  or  175  ppm  for  6  hours/day,  5  days/week  for  12  months  through  inhalation 
showed  less  weight  gain  and  had  olfactory  sensor  cell  lesions  for  the  175 -ppm  case  (Buckley 
et  al.  1985). 
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4.2  Task  2  -  Microbial  Degradation  of  NDMA 


Mineralization  studies  with  sediments  have  been  conducted  under  natural  oxic,  anoxic,  and 
reducing  conditions.  A  comparison  of  NDMA  mineralization  results  are  shown  in  the  following 
sections.  Most  of  the  results  presented  in  Task  2  reflect  oxic  and  anoxic  conditions,  where  there 
is  essentially  no  abiotic  NDMA  degradation.  NDMA  mineralization  results  in  chemically 
reduced  sediment  are  presented  in  Section  4.3,  as  both  abiotic  and  biotic  processes  are 
contributing  to  the  observed  degradation. 

4.2.1  Overview  of  NDMA  Mineralization  in  Sediments 

Mineralization  experiments  conducted  in  the  same  sediment  under  oxic  and  reducing  conditions 
for  two  different  aquifer  sediments  (Figure  4.30)  all  show  some  mineralization,  but:  a)  minerali¬ 
zation  in  oxic  systems  was  ~10  times  faster  and  ~5  times  greater  extent  compared  to  reduced 
systems,  b)  NDMA  mineralization  rate  decreased  with  decreasing  concentration,  c)  NDMA 
mineralization  extent  decreased  with  increasing  NDMA  concentration,  and  d)  trace  nutrient 
addition  did  not  increase  the  NDMA  mineralization  rate  or  extent  (described  in  the  following 
sections). 
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Figure  4.30.  NDMA  mineralization  over  a  range  in  concentration  from  25  ppm  to  2.5  ppt 
in  a)  oxic  Ft.  Lewis  sediment,  b)  reduced  Ft.  Lewis  sediment,  c)  oxic  Aerojet  sediment,  and 
d)  oxic  Aerojet  sediment. 


NDMA  mineralization  in  oxic  systems  was  as  high  as  78%  (Figure  4.30a)  for  NDMA  concen¬ 
trations  <2.5  ppb,  but  50%  for  2.5  ppm  and  22%  for  25  ppm,  which  is  hypothesized  to  be  caused 
by  a  sediment  nutrient  limitation.  The  same  observation  of  more  limited  NDMA  mineralization 
extent  with  increasing  NDMA  concentration  occurred  in  reduced  sediment  systems  (Figure  4.30b), 
although  the  extends  were  -5  times  less  than  in  the  comparable  oxic  systems.  The  calculated 
NDMA  mineralization  rate  in  these  oxic  and  reduced  systems  (mol  NDMA/h,  Figure  4.31) 
decreased  with  decreasing  NDMA  concentration,  for  both  the  Ft.  Lewis  sediment  and  Aerojet 
sediment. 


4.24 


Under  purely  oxic  conditions,  NDMA 
mineralization  (25  ppm)  was  evaluated 
for  three  sediments.  More  than  25.6% 
of  the  total  NDMA  was  degraded  by 
in  situ  microbial  communities  in  contam¬ 
inated  sediment  and  water  in  NDMA- 
contaminated  Aerojet  sediment  and  3 1 .2% 
in  NDMA-contaminated  Rocky  Mountain 
Arsenal  water,  but  17.7%  in  Ft.  Lewis 
sediment  with  no  prior  exposure  to 
NDMA. 


The  ability  of  the  soil  microbial  com¬ 
munity  to  mineralize  NDMA  was  investi¬ 
gated  in  under  varying  redox  conditions 
(Figure  4.32b).  NDMA  mineralization  was 
greatest  (17.4%)  with  no  dithionite 
exposure,  which  may  indicate  that  NDMA 
biodegradation  in  anaerobic  water  may  be  more  rapid  than  in  dithionite-reduced  sediments, 
although  too  few  experiments  have  been  conducted  to  date.  In  these  experiments,  NDMA  was 
supplied  as  the  sole  electron  donor  in  anaerobic  systems;  the  effects  of  stimulation  by  nutrient 
addition  using,  e.g.,  ethanol  yet  to  be  evaluated.  The  following  sections  investigate  NDMA 
mineralization  under  oxic  conditions  with  various  additions. 
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Figure  4.31.  NDMA  mineralization  rates  (mol 
NDMA  degraded  per  hour)  as  a  function  of  NDMA 
concentration  in  oxic  and  reduced  systems. 
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Figure  4.32.  NDMA  mineralization  rate  in  an  oxic  environment  (a)  and  under  varying  redox 
conditions  (b)  for  25-ppm  NDMA  in  Ft.  Lewis  aquifer  sediment. 


The  rate  of  NDMA  mineralization  in  the  oxic,  untreated  Ft.  Lewis  sediment  was  simulated  (lines. 
Figure  4.32a),  which  showed  that  the  microbial  exponential  growth  phase  was  limited.  A 
simulation  with  a  nutrient  limitation  (i.e.,  ending  mineralization  at  20%)  eould  approximate  the 
observed  data  with  slow  rate  (1700  hours).  These  preliminary  results  indicate  that  nutrient 
additions  are  needed  to  increase  both  the  extent  of  biomineralization  and  rate  of  mineralization. 
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4.2.2  Carbon  Additions  in  Oxic  and  Reduced  Systems 

Because  NDMA  can  be  mineralized  in  oxic  systems  by  a  monooxygenase  enzyme  pathway 
(Sharp  et  al.  2005,  2007),  methane-,  propane-,  and  toluene-monooxygenase  pathways  were 
investigated  in  oxic,  anaerobic,  and  reduced  sediment  to  investigate  the  relative  contribution  of 
this  biotic  mineralization  (generally  in  oxic  systems  by  the  monooxygenase  pathways)  and 

potential  abiotic  contributions.  In  these 
experiments,  quantities  of  methane  or 
propane  gas  (or  aqueous  toluene)  were 
added  to  the  respective  oxic,  anaerobic,  or 
reduced  sediment  system  (contains  head- 
space)  at  the  same  time  the  '"^C-labeled 
NDMA  was  added  (i.e.,  no  preconditioning 
time).  In  addition,  acetylene  is  known  to 
block  some  monooxygenase  enzyme  path¬ 
ways,  so  was  additionally  added  in  some 
systems.  In  the  oxic  systems  (Figure  4.33a), 
monooxygenase  enzyme  pathways  should 
be  enhanced  by  the  addition  of  methane  or 
propane  or  toluene  (separate  monooxgy- 
enase  enzyme  pathways),  although  some 
amount  of  acclimation  time  (weeks)  is 
needed  to  build  up  the  microbial  popu¬ 
lation.  In  these  experiments  with  no 
acclimation  time,  the  effect  of  methane, 
propane,  or  toluene  addition  to  oxic 
sediment  was  actually  a  decreased  the 
NDMA  mineralization  rate.  Addition  of 
acetylene  also  decreased  the  NDMA 
mineralization  rate. 

In  anaerobic-  and  iron-reducing  (i.e., 
dithionite-reduced  sediment  creating 
~80  pmol  Fe^Vg)  conditions,  the  addition 
of  methane,  propane,  toluene,  and  acetylene  would  have  a  similar  effect  as  the  oxic  system  only 
if  the  same  monooxygenase  enzyme  pathway  was  occurring.  It  is  possible  in  the  anaerobic 
sediment  to  have  small  isolated  zones  of  oxic  sediment,  but  highly  unlikely  in  the  reduced 
sediment,  as  there  is  a  large  redox  capacity  to  reduce  any  available  oxygen.  These  results 
(Figure  4.33b  and  c)  indeed  seem  to  support  this  hypothesis,  as  the  anaerobic  sediment  system 
showed  a  similar  significant  decrease  with  the  additions,  whereas  the  iron-reducing  system 
showed  essentially  no  change  in  the  NDMA  mineralization  rate  and  extent  with  these  additions. 
The  fact  that  8%  to  15%  of  NDMA  is  still  mineralized  under  iron-reducing  systems  (Figure  4.33c) 
indicates  that  it  is  accomplished  by  a  different  enzyme  pathway.  The  significance  of  oxygen 
(and  the  monooxygenase  pathways)  is  clearly  shown  by  experiments  conducted  at  the  same 
NDMA  concentration,  but  differing  amounts  of  oxygen  and  under  differing  iron-reducing 
conditions  (Figure  4.34). 
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Figure  4.33.  NDMA  mineralization  in  oxic  (a), 
anaerobic  (b),  and  reduced  (c)  sediment  systems  with 
promotion  of  enzyme  pathways  (but  no  prestimulation 
time). 
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The  question  as  to  whether  NDMA  is 
being  mineralized  biotically  and/or 
abiotically  in  aquifer  sediments  was 
addressed  in  experiments  without  and 
with  the  addition  of  a  bactericide 
(gluteraldehyde,  Figure  4.35).  While 
mineralization  is  clearly  biotic  in  the 
presence  of  only  microbial  isolates 
(described  in  following  sections),  both 
abiotic  and  biotic  processes  could  be 
occurring  in  sediments.  A  bactericide  (2% 
gluteraldehyde)  placed  in  the  sediment/water 
system  for  48  hours  before  the  '"^C-NDMA  was 
added  may  kill  most  of  the  microbial  popu¬ 
lation  and  (hopefully)  not  influence  abiotic 
degradation/mineralization  of  NDMA.  NDMA 
degradation  (not  mineralization)  in  reduced 
sediment  was  abiotic  (Figure  4.6c).  In  oxic 
sediment,  NDMA  mineralization  in  unaltered 
sediment  could  be  biotic  and/or  abiotic,  but 
assuming  the  bactericide  kills  the  majority  of 
the  microbial  population,  the  change  in 
mineralization  rate  between  “live”  (unaltered) 
and  “killed”  (bactericide  added)  sediment 
systems  generally  reflects  the  biotic 
contribution  of  NDMA  mineralization. 


NDMA  mineralization  in  oxic  sediment/water 
systems  (Figure  4.35a)  was  nearly  all  (>98%) 
biotic,  as  expected,  and  likely  by  a  monooxy¬ 
genase  pathway.  The  NDMA  mineralization 
rate  in  the  killed  system  (>50,000-hour  half- 
life,  <2%  after  2000  hours)  was  very  slow. 
Described  in  Section  4.2.5  (NDMA  degra¬ 
dation  with  microbial  isolates),  NDMA  is  being 
utilized  as  a  co-substrate,  so  it  was  not  expected 
to  grow  in  systems  with  no  other  carbon 
source.  Measure  microbial  biomass  in  an  oxic 
system  over  1800  hours  (Figure  4.35d,  red  line) 
shows  a  slow  decrease  in  biomass,  consistent 
with  this  hypothesis.  As  hypothesized  earlier, 
NDMA  mineralization  in  anoxic  sediment/ 
water  systems  (Figure  4.35b)  appeared  also  to 
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Figure  4.34.  Importance  of  oxygen  for  NDMA 
mineralization. 
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Figure  4.35.  Relative  contribution  of  biotic  and 
abiotic  mineralization  of  NDMA. 


be  nearly  (>98%)  all  biotic.  This  may  indicate  that  there  is  some  oxygen  remaining  in  the  anoxic 
system  (trapped  in  sediment  microfractures,  for  example.  In  contrast,  NDMA  mineralization  in 
reduced  sediment/water  systems  (Figure  4.35c)  was  primarily  abiotic,  as  the  presence  of  the 
bactericide  did  not  alter  the  slow  rate  of  NDMA  mineralization.  As  shown  earlier  (Figure  4.30), 
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NDMA  mineralization  in  oxic  systems  was  as  great  as  80%,  with  an  average  half-life  of  342  ± 

36  hours  (Aerojet  sediment)  in  contrast  to  only  17%  (by  2000  hours)  with  an  average  half-life  of 
3475  ±  504  hours.  Therefore,  oxic  (biotic)  NDMA  mineralization  was  10  times  more  rapid  (and 
mineralization  extent  4.7  times  greater)  than  the  abiotic  mineralization  under  iron-reducing 
conditions.  As  described  in  Section  4.3,  additional  reduced  systems  were  investigated  (naturally 
reduced  clay  from  a  New  Jersey  aquifer),  which  showed  mineralization  as  great  as  23%.  So, 
abiotic  NDMA  mineralization  does  occur,  but  the  rate  is  generally  not  very  viable  for  field-scale 
remediation  (thousands  of  hours  half-life),  as  groundwater  advection  of  NDMA  would  move  the 
NDMA  through  the  reduced  zone  before  there  would  be  time  to  fully  mineralize  it. 

At  each  NDMA  concentration,  the  rate  of  NDMA  mineralization  in  oxic  and  reduced  sediment 
was  compared  (Figure  4.36).  These  results  show  little  trend  in  the  ratio  of  mineralization  rate  or 
extent  difference  between  oxic  and  reduced  systems  at  different  NDMA  concentration. 
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Figure  4.36.  NDMA  mineralization  comparison  in  oxic  and  reduced  systems  at  differing 
NDMA  concentration. 


4.2.3  Monooxygenase  Enzymes  and  NDMA  Mineralization  in  Oxic  Systems 

NDMA  oxic  mineralization  was  studied  with  propane  addition  to  the  Aerojet  sediment  at 
differing  propane/oxygen  ratios  (in  the  headspace  above  the  liquid),  and  with  1632  hours  of 
prestimulation  time  before  the  NDMA  was  added.  Results  (Figure  4.37a)  show  a  definite 
increase  in  the  NDMA  mineralization  with  a  propane/oxygen  ratio  of  0.4,  but  essentially  no 
increase  in  oxic  system  mineralization  for  lower  (0.04)  and  higher  (3.8)  propane/oxygen  ratios. 
However,  it  can  be  concluded  that  propane  monooxygenase  enzymes  can  be  stimulated  in  the 
Aerojet  subsurface  sediment  (from  250-ft  depth)  to  promote  more  rapid  NDMA  mineralization 
(although  this  by  itself  is  not  very  efficient).  Additional  propane  addition  experiments  were 
tried  to  promote  further  NDMA  mineralization.  In  the  initial  experiments  were  conducted  to 
1000  hours  (6  weeks),  after  which  further  additions  were  made  to  the  systems:  a)  oxic  sediment 
was  added  (Figure  4.37b,  black  triangles)  and  b)  oxic  sediment,  oxygen,  and  propane  was  added 
(blue  triangles).  When  additional  oxic  sediment  was  added,  there  was  some  additional  NDMA 
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mineralization  (<5%)  over  1000  hours, 
which  is  significantly  less  than  the  previous 
1000  hours  in  which  45%  to  60%  NDMA 
mineralization  was  observed.  It  appears 
that  nearly  all  the  NDMA  that  can  be 
mineralized  was  completed  by  1000  hours 
and  roughly  the  other  half  of  the  carbon 
from  NDMA  was  likely  converted  into 
methane.  The  amount  of  carbon  incorpo¬ 
rated  into  microbes  was  also  characterized, 
as  described  in  the  following  section. 

Addition  of  other  carbon  nutrients  in  oxic 
systems  were  investigated  including  yeast 
and  humic  acid  addition.  For  250-ppb 
NDMA  concentration,  the  addition  of 
higher  concentrations  of  yeast  increased 
the  NDMA  degradation  rate  and  extent 
slightly  (Figure  4.38a),  whereas  the  low 
concentration  addition  showed  a  significant 
decrease  in  NDMA  mineralization.  The 
addition  of  humic  acid  at  three  differing 
concentrations  (Figure  4.38b)  had  no 
influence  on  NDMA  mineralization.  In 
both  of  these  studies,  1632  hours  of 
prestimulation  (10  weeks)  or  contact  time 
was  used  between  the  carbon  addition  and 
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Figure  4.37.  Oxic  NDMA  mineralization  in  sediment 
with  propane  addition  (a)  and  additional  sediment/ 

I  oxygen/propane  addition  after  1000  hours  (b). 
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Figure  4.38.  NDMA  mineralization  in  oxic  Aerojet 
sediment  with  yeast  or  humic  acid  addition. 


In  these  oxic  systems,  addition  of  propane 
(Figure  4.37a)  and  yeast  (Figure  4.38a) 
showed  some  increase  in  the  NDMA 
mineralization  rate,  whereas  addition  of 
humic  acid  (Figure  4.38b)  showed  no 
influence.  To  test  the  validity  of  the  humic 
acid  and  yeast  addition  results,  these 
carbon  sources  were  added  again  to  the 

oxic  sediment  systems  after  1000  hours.  As  a  baseline,  an  oxic  sediment  system  (1  g  of  sediment 
initially  in  system)  with  no  additions  (black  triangles  in  Figure  4.38a)  received  an  additional  1  g 
of  sediment  and  oxygen,  but  no  other  additions  (Figure  4.39a  and  b,  black  triangles)  after 
1000  hours.  This  showed  an  additional  6%  NDMA  mineralization  for  the  next  2000  hours  on 
top  of  the  46%  mineralization  in  the  first  1000  hours.  Again,  this  appears  to  indicate  that  -50% 
of  the  NDMA  carbon  was  converted  into  CO2  (and  measured  in  the  traps)  with  essentially  no 
additional  mineralization  with  the  addition  of  sediment  (containing  additional  microbes). 

Because  the  additional  6%  NDMA  that  was  mineralized  between  2000  and  3000  hours  was  very 
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slow  (not  characteristic  of  exponential 
growth  phase  of  microbes),  it  is  hypothe¬ 
sized  that  it  is  simply  NDMA  carbon  mass 
associated  with  microbes  that  are  degraded. 

4.2.4  Carbon  Mass  Balance  in 
1  10  time(h)  100  1000  Oxic  Systems 
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Figure  4.39.  NDMA  mineralization  with  additional 
sediment,  oxygen,  and  humic  acid  or  yeast  addition 
after  1000  hours  of  oxic  mineralization. 


At  the  end  of  all  of  these  oxic  system  (and 
other  reduced  system  and  sequential 
reduced/oxic  system)  studies,  the  amount 
of  carbon  mass  sorbed  onto  microbes  was 
quantified  and  the  amount  incorporated 
into  microbes  was  also  quantified.  A 
methanol/water  mixture  for  1  hour  was 
used  to  desorb  any  NDMA  on  the  microbial 
surface.  After  this  extraction  was  com¬ 
pleted,  10-M  NaOH  was  then  used  for 
24  hours  to  dissolve  the  microbial  biomass 
in  order  to  count  the  total  from  NDMA 

associated  with  microbes.  For  10  oxic  systems  in  which  the  mass  balance  for  NDMA 
mineralization  (at  3000  hours)  was  conducted,  the  average  mineralization  was  51.0%  ±  1 1.5% 
and  average  aqueous  concentration  of  17.8%  ±12.4%.  Based  on  the  previously  defined  NDMA 
sorption  parameter  (Kd)  of  0.12  mL/g,  there  should  be  2.0%  of  the  NDMA  mass  sorbed  on  the 
sediment  surface  at  the  sediment/water  ratio  used  in  these  experiments  (1  g  to  6  mL).  The  total 
measured  sorption  (i.e.,  sorbed  to  sediment  and  microbes,  extracted  with  methanol)  in  these  oxic 
systems  was  2.7%  ±  4.5%,  indicating  maybe  0.7%  of  the  NDMA  mass  was  likely  sorbed  to  the 
microbial  surface.  An  average  of  5.7%  ±  1.3%  of  the  NDMA  carbon  mass  was  measured  as 
incorporated  into  the  microbes  (subtracting  out  the  sorbed  mass).  Overall,  these  oxic  systems 
had  a  total  carbon  mass  balance  of  80.0%  ±  15.6%.  This  was  relatively  high  compared  to  the 
reduced  systems  described  in  the  following  section.  This  high  association  of  NDMA  with  the 
microbial  biomass  implies  a  significant  contribution  of  microbes  to  NDMA  mineralization, 
which  has  already  been  demonstrated  to  be  true  (Figure  4.35a,  system  with  killed  microbes  does 
not  mineralize  NDMA). 


4.2.5  NDMA  Degradation  by  Bacterial  Isolates 

Initial  experiments  conducted  with  bacterial  isolates  found  a  number  of  bacteria  that  mineralize 
25 -ppm  NDMA  in  an  oxic  aqueous  environment  when  using  this  compound  as  a  source  of 
carbon  and  nitrogen  for  growth.  The  extents  of  NDMA  mineralized  by  these  strains  when  used 
as  a  carbon  and  nitrogen  source  are  listed  in  Table  4.4.  These  mineralization  extent  values  were 
measured  after  600  hours.  These  results  indicate  that  NDMA  is  susceptible  to  biological 
degradation  by  pure  bacterial  cultures,  using  NDMA  as  the  sole  electron  source.  Subsequent 
experiments  involved  carbon,  nitrogen,  and  trace  nutrient  additions  in  aerobic  and  anaerobic 
conditions. 
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Bacterial  Isolate 

Extent  of  NDMA 
Mineralized  (%) 

Gordonia  desulfuicans 

23.89  ±3.47 

Gordonia  rubripertincta 

35.06  ±4.53 

Gordonia  nitida 

29.77  ±2.70 

Gordonia  polyisoprenivorans 

72.72  ±  1.17 

Gordonia  alkanivorans 

68.13  ±  1.29 

Gordonia  amarae 

27.06  ±0.51 

Gordonia  sp.  KTR9 

56.72  ±2.56 

Williamsia  sp.  KTR4 

28.06  ±2.85 

NDMA  degradation  by  microbial  isolates  Table  4.4.  Oxic  mineralization  extent  of  25-ppm 
was  further  investigated.  Experiments  NDMA  by  bacterial  isolates  with  NDMA  as  nitrogen, 

were  set  up  to  determine  whether  various  carbon  source  (600  hours), 
bacteria  could  degrade  and  utilize  NDMA 
as  a  source  of  nitrogen,  or  carbon  and 
nitrogen  for  growth. 

Gordonia  sp.  KTR9  and  Gordonia 
desulfuricans  did  not  appear  to  grow  on 
NDMA  as  a  nitrogen  source  or  a  nitrogen 
and  carbon  source  (Figure  4.40).  Under 
these  conditions,  degradation  of  NDMA 
by  both  strains  occurred.  G.  desulfuricans 
degraded  14%  and  31%  of  the  NDMA 
while  strain  KTR9  degraded  45%  and 
50%  of  the  NDMA  when  it  was  added  as 
the  nitrogen  source  or  when  it  was  added 
as  the  nitrogen  plus  carbon  source,  respec¬ 
tively  (Figure  4.40).  These  values  are 
consistent  with  the  mineralization  data 
for  these  two  strains  which  indicated 
that  G.  desulfuricans  and  strain  KTR9 
mineralized  NDMA  to  ~24%  and  55% 
carbon  dioxide,  respectively,  when  NDMA 
was  supplied  as  the  nitrogen  and  carbon 
source  for  growth  (Table  4.4).  However, 
the  results  between  these  two  experiments 
are  not  directly  comparable  since  the 
cultures  for  the  mineralization  assay  had 
not  been  treated  to  remove  traces  of  the 
culture  medium.  The  mineralization  assay 
was  repeated  with  washed  cells  of  strain 
KTR9  to  remove  traces  of  medium.  In  this 
case,  mineralization  of  NDMA  to  ~20% 
carbon  dioxide  was  only  observed  when 
NDMA  was  added  as  the  sole  nitrogen 

source  (Figure  4.41).  It  is  not  clear  why  NDMA  was  not  mineralized  when  added  as  a  carbon  or 
carbon  plus  nitrogen  source.  The  absence  of  growth  in  the  degradation  experiments  appears  to 
support  the  co-metabolic  transformation  and  mineralization  of  NDMA  by  both  strains.  Degra¬ 
dation  of  NDMA  by  a  co-metabolic  process  was  recently  shown  to  occur  in  Pseudomonas 
mendocina  KRl  (Fournier  et  al.  2006;  Yang  et  al.  2005).  In  strain  KRI  a  toluene-4- 
monooxygenase  enzyme  was  shown  to  transform  NDMA,  but  it  is  unknown  whether  this 
enzyme  is  present  in  either  Gordonia  strain.  Also,  it  appears  that  the  Gordonia  species  that  we 
have  examined  are  able  to  transform  NDMA  to  a  metabolite(s)  that  can  be  further  mineralized  to 
a  high  percentage  of  carbon  dioxide  (FY  2005  annual  report),  while  P.  mendocina  KRl  only 
poorly  mineralized  NDMA  (Fournier  et  al.  2006).  Additional  experiments  are  underway  to 


Time  (d) 

Figure  4.40.  Degradation  of  NDMA  added  as  a 
nitrogen  source  (closed  symbols)  or  as  a  nitrogen  and 
carbon  source  (open  symbols)  by  G.  desulfuricans 
(squares)  and  Gordonia  sp.  KTR9  (triangles). 
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confirm  the  co-metabolic  transformation 
and  mineralization  of  NDMA  by 
G.  desulfuricans,  strain  KTR9  and  the 
Gordonia  strains  that  were  previously  used 
to  determine  the  mineralization  potential  of 
NDMA. 

In  a  second  mineralization  assay 
(Table  4.5),  10-ppm  NDMA  was  miner¬ 
alized  in  an  oxic,  aqueous  environment  by 
several  Gordonia  and  Williamsia  bacterial 
species  that  had  been  grown  on  glucose, 
glycerol,  and  succinate  as  carbon  sources 
and  nitrate  as  the  nitrogen  source  (details 
in  Figures  4.42  and  4.43).  The  maximum 
amount  of  NDMA  mineralized  ranged 

from  about  3.3%  to  72.5%  depending  on  the  species  and  type  of  nutrient  amendment.  In  general, 
the  presence  of  an  added  carbon  source  stimulated  the  mineralization  of  NDMA. 


Figure  4.41.  Mineralization  of  NDMA  by  washed 
cells  of  Gordonia  sp.  KTR9. 


In  comparison,  the  presence 

Table  4.5.  Oxic  mineralization  extent  of  10-ppm  NDMA  by  bacterial  of  added  nitrogen  source 
isolates  with  NDMA  as  nitrogen,  carbon  source  (720  hours).  inhibited  the  extent  of 

mineralization  and  the  rate  of 
mineralization  for  G.  amarae, 
G.  alkanivorans, 

G.  desulfuricans,  G.  nitida, 

G.  rubripertincta,  and  KTR4. 
The  smallest  extents  of 
mineralization  were  observed 
for  G.  alkanivorans, 

G.  desulfuricans,  and 
G.  nitida  in  the  absence  of 
any  nutrient  amendment. 
These  results  indicate  that 
Gordonia  and  Williamsia 
strains  can  constitutively 
degrade  NDMA  and  that  the 
degradation  is  probably 
co-metabolic.  The  consti¬ 
tutive  degradation  of  NDMA 
has  also  been  observed  for  Rhodococcus  jostii  RHAl  when  RHAl  has  been  grown  on  non¬ 
specific  carbon  sources  (Sharp  et  al.  2007).  In  these  experiments  with  Gordonia  and  Williamsia 
species,  neither  the  inoculum  density  nor  the  growth  of  the  strains  was  followed  and  so  it  is  not 
known  whether  the  species  in  Table  4.5  can  utilize  NDMA  as  a  carbon  or  nitrogen  source  for 
growth.  While  it  has  been  shown  that  wastewater  treatment  systems  and  soils  can  degrade  or 
mineralize  NDMA  (Arienzo  et  al.  2006;  Bradley  et  al.  2005;  Gunnison  et  al.  2000;  Yang  et  al. 
2005),  studies  with  pure  bacterial  cultures  have  not  shown  a  direct  metabolic  role  for  NDMA 


Strain 

Extent  of  ^^C02  produced  (%) 

with  amendmenf 

Carbon  Nitrogen  None 

Gordonia  alkanivorans 

66.10(1.55) 

18.98  (4.1) 

3.31  (1.7) 

Gordonia  amarae 

58.49(1.48) 

11.35(4.74) 

17.46  (12.5) 

Gordonia  desulfuricans 

30.04(0.96) 

9.51(0.1) 

6.72  (0.73) 

Gordonia  nitida 

32.62(0.57) 

21.57(0.55) 

5.00  (3.36) 

Gordonia  polyisoprenivorans 

69.43  (0.88) 

72.5(2.25) 

74.29  (3.08) 

Gordonia  rhizosphera 

26.16(2.66) 

25.7(9.56) 

Gordonia  rubripertincta 

69.63  (0.87) 

47.63(1.10) 

38.68(0.9) 

Gordonia  terrae 

64.88  (2.23) 

Gordonia  sp.  KTR9 

69.55  (0.42) 

70.26(1.48) 

60.4  (2.17) 

Gordonia  sp.  KTC13 

25.92(0.58) 

Williamsia  maris 

15.77  (1.64) 

Williamsia  sp.  KTR4 

67.48(1.32) 

53.20(1.75) 

54.91  (1.91) 

a.  Standard  error  in  parentheses. 
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Figure  4.42.  Oxic  mineralization  of  [’"^C]-NDMA  to  ’"'CO2  by  pure  bacterial  species  in  the 
absence  (MSM  ■  )  or  presence  of  a  nitrogen  (MSM  +  KNO3  A )  or  carbon  amendment  (MSM 
+  Carbon  T  ). 

(Fournier  et  al.  2006;  Sharp  et  al.  2005,  2007).  Thus,  co-metabolism  appears  to  be  the  primary 
mechanism  for  the  biotic  removal  of  NDMA. 

Mixed  microbial  populations  indigenous  to  groundwater  from  Rocky  Mountain  Arsenal  and  soil 
from  the  Aerojet  facility  mineralized  NDMA  under  similar  conditions  as  used  with  the  bacterial 
cultures.  With  these  materials  the  maximum  amount  of  NDMA  mineralized  was  -20%  under 
either  aerobic  (Figure  4.44)  or  anaerobic  conditions  (Figure  4.45).  The  addition  of  a  nitrogen 
amendment  tended  to  decrease  the  extent  and  rate  of  mineralization,  while  the  carbon  amend¬ 
ment  had  either  no  effect  or  stimulated  the  extent  of  mineralization.  The  inhibition  of  NDMA 
mineralization  by  nitrate  in  soil  was  previously  suggested  by  Bradley  et  al.  (2005)  as  an 
indication  that  NDMA  could  function  as  a  terminal  electron  acceptor  or  nitrogen  source  for 
growth  by  soil  microbial  populations. 

These  experiments  also  indicated  that  NDMA  biotransformation  by  microorganisms  was 
possible  without  stimulation  of  monooxygenase  enzymes  using  substrates  such  as  methane, 
propane,  or  toluene.  This  implies  that  NDMA  mineralization  under  aerobic  and  anaerobic 
conditions  is  proceeding  by  an  unidentified  microbial  pathway.  However,  the  rate  of  degradation 
of  NDMA  following  propane  or  toluene  stimulation  in  strains  Rhodococcus  jostii  RHAl  and 
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Figure  4.43.  Oxic  mineralization  of  ['"^C]-NDMA  to  '"*€02  by  pure  bacterial  species  in  the 
absence  (MSM  ■  )  or  presence  of  a  nitrogen  (MSM  +  KNO3  A )  or  carbon  amendment  (MSM 
+  Carbon  T  ). 


Pseudomonas  mendocina  RKl  was  considerably  faster  (Fournier  et  al.  2006;  Sharp  et  al.  2007) 
than  the  constitutive  rate  observed  in  this  study. 

In  comparison  to  microbial  isolate  studies  in  this  section,  soil  microbial  communities  were  less 
able  to  mineralize  NDMA  after  chemical  reduction  (i.e.,  in  an  iron-reducing  environment)  of 
Ft.  Lewis  soil  with  dithionite  (Figure  4.32b).  The  extent  of  NDMA  mineralization  in  the  absence 
of  dithionite  treatment  was  17.4%  and  the  extent  of  mineralization  decreased  with  increasing 
ratios  of  dithionite  to  iron.  A  slight  decrease  in  the  extent  of  mineralization  occurred  at  a 
donor/acceptor  ratio  (2*di/Fe)  of  0.29.  In  addition,  the  length  of  the  lag  phase  prior  to  NDMA 
mineralization  was  significantly  longer  with  this  treatment.  At  this  ratio  of  dithionite  to  iron,  the 
indigenous  microbial  populations  recovered  slowly  from  the  chemical  reduction  treatment. 
However,  at  dithionite  to  Fe  ratios  above  1.48  there  was  a  significant  decrease  in  the  rate  and 
extent  of  NDMA  mineralization.  At  donor/acceptor  ratios  of  1 .48  and  29.68,  the  mineralization 
values  dropped  to  6.4%  and  2.6%,  respectively.  Under  these  conditions,  the  activity  of  the 
indigenous  microbial  population  is  significantly  reduced  and  the  populations  may  not  be  able  to 
recover  from  the  chemical  treatment.  Similarly,  measurements  of  total  microscopic  counts 
(acridine  orange  staining)  and  '"^C-acetate  mineralization  rates  have  shown  an  order  of  magnitude 
lower  cell  counts  and  a  10-time  reduction  in  acetate  mineralization  rates  as  a  result  of  a  2*di/Fe 
ratios  (Szecsody  et  al.  2007a).  In  contrast  to  NDMA,  the  dithionite  treatment  stimulated  the 
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Figure  4.44.  Anaerobic  mineralization  of  [’"'C]-NDMA  to  ’"'CO2  by  Aerojet  soil  and  Rocky 
Mountain  Arsenal  groundwater  in  the  absence  (MSM  ■  )  or  presence  of  a  nitrogen  (MSM  + 
KNO3  A )  or  carbon  amendment  (MSM  +  Carbon  T ). 


MSM  MSM  +  KNO3  MSM  +  Carbon 


Figure  4.45.  Aerobic  mineralization  of  ['"'CJ-NDMA  to  ’"'CO2  by  Aerojet  soil  and  Rocky 
Mountain  Arsenal  groundwater  in  the  absence  (MSM  ■)  or  presence  of  a  nitrogen  (MSM  + 
KNO3  A)  or  carbon  amendment  (MSM  +  Carbon  T). 


mineralization  of  hexahydro-l,3,5-trinitro-l,3,5-triazine  (RDX)  and  octahydro- 1,3,5, 7-tetranitro- 
1,3,5,7-tetrazocine  (HMX)  by  the  microbial  populations  as  a  result  of  a  combined  abiotic/biotic 
transformation  of  the  energetics  (Szecsody  et  al.  2007a). 

In  summary,  NDMA  was  biotransformed  by  various  bacterial  species  both  in  pure  culture  studies 
and  in  soil  and  groundwater  microcosms.  NDMA  was  biotransformed  to  carbon  dioxide  and  the 
extent  of  transformation  could  be  quite  extensive  (up  to  70%  converted  to  carbon  dioxide).  In 
general  carbon  amendments  stimulated  the  rate  and  extent  of  mineralization  to  carbon  dioxide, 
indicating  a  co-metabolic  route  for  biotic  transformation  of  NDMA.  The  role  of  NDMA  as  a 
carbon  or  nitrogen  source  for  bacterial  growth  was  not  proven  by  the  experiments  conducted  in 
this  study.  Degradation  intermediates  were  also  not  identified  in  these  studies  and  so  the  route 
for  biotransformation  is  not  known.  In  contrast  to  RDX  and  HMX,  dithionite  reduction  of 
Ft.  Lewis  soil  led  to  an  inhibition  of  the  rate  and  extent  of  NDMA  mineralization  by  the 
indigenous  microorganisms. 
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4.3  Task  3  -  Coupled  Abiotic/Biotic  Degradation  of  NDMA 


In  this  section,  NDMA  mineralization  in  reduced  sediment,  then  in  sequential  reduced,  then  oxic 
sediment  are  described.  Aerojet  sediment  that  has  been  chemically  reduced  with  dithionite 
treatment  to  create  80  )j,mol  ferrous  iron/g  of  sediment  exhibit  slow  NDMA  mineralization 
(Figure  4.30),  which  ranges  from  8%  to  15%  by  1000  hours.  These  reduced  systems  do  not 
contain  dissolved  oxygen  that  can  be  used  as  an  electron  acceptor,  so  the  microbial  monooxy¬ 
genase  enzyme  pathway  that  appears  to  promote  NDMA  degradation  in  oxic  systems  is  not  the 
mechanism  responsible  in  these  reduced  systems.  As  demonstrated  earlier  (Figure  4.6),  NDMA 
is  rapidly  (under  ideal  conditions,  half-life  ~10  hours)  abiotically  degraded  to  DMA.  While 
DMA  is  not  toxic  and  this  could  work  as  a  field-scale  technique,  DMA  is  not  the  final  end 
product,  so  mineralization  is  still  of  greater  interest  for  field-scale  remediation.  In  this  section, 
different  carbon  sources  are  added  in  an  attempt  to  increase  NDMA  mineralization  in  reducing 

sediment  systems.  In  addition,  sequential 
reduced  abiotic  degradation,  then  oxic 
sediment  systems  (for  primarily  biodegra¬ 
dation)  were  investigated,  which  would 
parallel  a  reduced  zone  in  the  field,  with 
degradation  products  flowing  into  down- 
gradient  oxic  sediment. 
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Figure  4.46.  NDMA  mineralization  in  reduced 
sediment  with  additions  of:  a)  humic  acid,  b)  yeast 
extract,  c)  gasses,  and  d)  TCE  or  zero  valent  iron. 


4.3.1  Abiotic  and  Biotic 

Mechanisms  of  NDMA 
Mineralization  in  Reduced 
Sediment 

In  reduced  systems,  NDMA  is  mineralized 
more  slowly  and  to  a  more  limited  extent, 
which  suggests  a  nutrient  limitation.  The 
subsurface  Aerojet  sediment  (250-  to  260-ft 
depth)  has  little  organic  matter,  and  with 
no  additions,  results  in  7%  to  15%  NDMA 
mineralization  (2.5  ppm  to  6  ppt. 

Figure  4.30),  with  essentially  no  influence 
of  monooxygenase  enzyme  carbon  addition 
(i.e.,  propane,  methane,  toluene; 

Figure  4.46c).  This  appears  to  indicate 
microbial  mineralization  in  reduced 
systems  is  small.  Other  carbon  additions 
(humic  acid,  yeast,  TCE;  Figure  4.46)  also 
showed  no  influence  in  the  NDMA 
mineralization  rate  or  extent.  Although 
these  data  sets  indirectly  indicate  a  weak 
microbial  component  of  NDMA  minerali¬ 
zation  in  reduced  systems,  the  addition  of  a 
bactericide  to  reduced  sediment  did  not 
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change  the  NDMA  mineralization  (Figure  4.35c)  is  direct  evidence  that  most  NDMA  minerali¬ 
zation  under  iron-reducing  conditions  in  subsurface  sediment  appears  to  be  abiotically 
controlled.  The  initial  step  of  NDMA  degradation  to  DMA  also  appears  to  be  abiotic  (Figure 
4.6c). 


0.20 


no  NOS 


The  monooxygenase  pathway  cannot  utilize  nitrate  as  the  electron  acceptor,  so  if  this  were  the 
only  enzyme  pathway  to  mineralize  NDMA  (biotically),  nitrate  additions  would  not  increase 
mineralization.  However,  if  there  were  other  enzyme  pathways  that  could  utilize  nitrate  as  the 
terminal  electron  acceptor  (and  could  co-metabolically  mineralize  NDMA),  then  nitrate  additions 
would  increase  NDMA  mineralization.  With  the  addition  of  only  30  mM  nitrate  (excess)  to 
reduced  Aerojet  sediment,  NDMA  mineralization  actually  decreased  from  12.2%  (no  nitrate. 
Figure  4.47a)  to  8.2%.  Clearly,  any  enzyme  pathway  to  utilize  nitrate  was  not  biomineralizing 
NDMA.  Addition  of  both  nitrate  and 
glucose  (to  stimulate  microbial  growth)  did 
not  increase  NDMA  mineralization  (Figure 
4.47b).  Carbon  mass  balance  showed  that 
by  2000  hours,  75%  of  the  aqueous  inter¬ 
mediates  (including  NDMA)  were  gone 
(only  25%  aqueous  *"^C  remaining).  Of  the 
250  ppb  starting  concentration,  1.0  to 
2.2  ppb  remained  at  2000  hours.  Volatile 
carbon  (by  an  activated  carbon  trap  in  the 
headspace)  was  6.3%  to  9.4%.  Therefore, 
total  carbon  mass  balance  for  the  nitrate 
only  system  was  39.2%  (8.2%  +  24.7%  + 

6.3%).  Because  aqueous  '"^C  and  gas  trap 
CO2  are  highly  accurate,  it  is  likely  that  the 
balance  of  the  '"^C  are  small,  volatile 
compounds  that  are  not  captured  on  the 
activated  carbon  trap.  For  the  nitrate  and 
glucose  system,  the  total  carbon  balance 
was  47.0%.  Overall,  this  set  of  experi- 
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Figure  4.47.  NDMA  mineralization  in  reduced 
sediment  with  additions  of  nitrate  and  glucose. 


ments  is  consistent  with  NDMA  mineralization  being  predominantly  an  abiotie  process. 


This  abiotie  control  of  NDMA  mineralization  in  reduced  systems  was  investigated  further  in  a 
natural  reduced  aquifer  sediment  from  Puehack,  New  Jersey  (273-ft  depth)  with  2.5%  natural 
organie  matter  and  reduced  clay.  NDMA  mineralization  of  the  Aerojet  sediment  with  and 
without  a  bactericide  was  the  same  (Figures  4.35c  and  4.48a),  indicating  mineralization  was 
most  likely  abiotic.  NDMA  mineralization  of  the  Puehack  aquifer  sediment  without  a 
bactericide  (28.3%)  and  with  a  baeterieide  (19.5%)  likely  also  indieates  mineralization  was 
most  likely  abiotic  (Figure  4.48b).  This  sediment  sample  eontains  30%  2:1  smeetite  elay, 
which  is  reduced  and  also  contains  2.25%  organic  carbon  and  0.04%  inorganic  carbon.  Previous 
analysis  of  the  organic  matter  (Vermeul  et  al.  2006)  was  eonducted  on  a  separate  project.  The 
Fourier  transform  infrared  (FTIR)  spectrum  of  the  organic  matter  present  in  the  filtrate  resulting 
from  the  base/heat  treatment  of  the  sediment  was  used  to  identify  the  organic  phases  removed. 
Though  it  is  difficult  to  identify  diserete  compounds  from  a  complex  mix  such  as  natural  organic 
matter  (NOM),  it  is  possible  to  identify  the  chemieal  nature  of  some  of  the  components  present 
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Figure  4.48.  NDMA  abiotic  mineralization  in 
(a)  Aerojet  sediment,  (b-d)  Puchack  sediment,  and 
(e)  biomass  change  in  oxic  and  reduced  systems. 


in  the  NOM.  The  spectrum  obtained  is 
consistent  with  organic  compounds  such  as 
humic  substances  (Nardi  et  al.  2005)  and 
lignites  (Bums  et  al.  2005).  The 
characteristic  broad  bands  of  the  0-H 
stretching  vibrations  of  carboxylic  acid 
functional  groups  can  be  seen  around 
2810  cm"*  and  aromatic  ring  stretching 
band  (C=C)  at  1567  cm"’.  The  presence  of 
other  oxygen  containing  functional  groups 
also  found  in  NOM  such  as  alcohols  and 
ethers  are  indicated  with  the  presence  of  the 
strong  C-0  stretches  at  1105  and  1000  cm"' 
with  the  0-H  stretch  from  the  alcohols 
incorporated  in  the  broad  peak  centered 
around  2810  cm"'  of  the  carboxylic  acids 
along  with  any  C-H  stretch  bands  from 
alkanes,  alkyls,  and  alkenes,  all  of  which 
are  found  either  to  the  left  or  right  of  3000 
cm"'. 

Removal  of  most  of  the  organic  matter 
from  the  sediment  with  a  NaOH  resulted  in 
a  loss  of  half  of  the  ability  of  the  sediment 
to  mineralize  NDMA  (Figure  4.48c),  with 
12.4%  mineralization  after  2000  hours 
compared  to  28.3%  for  unaltered  sediment. 
This  could  indicate  that  the  organic  matter 
was  responsible  for  part  of  the  NDMA 
mineralization,  and/or  the  reductive 
capacity  of  the  clay  has  been  altered  to 
some  extent  by  the  base  treatment.  An 
additional  NDMA  mineralization  experi¬ 
ment  with  the  organic  matter  removed 
from  the  Puchack  sediment  (which  also 
contained  some  clay;  Figure  4.48d,  green) 
showed  9.5%  mineralization  after 
2000  hours,  which  appears  to  indicate  that 
both  the  clay  and  natural  organic  matter 
were  responsible  for  mineralizing  NDMA. 
Carbon  mass  balance  (shown  on  the  graphs; 
Figure  4.48)  showed  that  the  unaltered 
Puchack  sediment  had  30%  aqueous  '"'C 
remaining  at  2000  hours,  the  clay  by  itself 


had  26.7%  aqueous  '"*0  remaining,  but  the  organic  matter/some  clay  had  53.7%  aqueous  '"'C 
remaining.  This  roughly  indicates  that  the  clay  may  be  responsible  for  most  of  the  NDMA 
reactivity,  although  the  influence  of  organic  matter  cannot  be  dismissed.  Microbial  biomass 
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decreased  fourfold  in  reduced  systems  over  1800  hours  (Figure  4.48e),  as  NDMA  is  not 
providing  much  of  a  carbon  or  nitrogen  source,  and  no  other  nutrients  were  added  to  this  system. 

4.3.2  Carbon  Mass  Balance  in  Reduced  Systems 

Carbon  mass  balance  conducted  on  seven  reduced  Aerojet  aquifer  sediment  systems  showed  that 
the  average  mineralization  at  3000  hours  was  9.9%  ±  1.6%  (other  reduced  sediment  systems 
showed  mineralization  as  high  as  17%).  The  average  aqueous  (i.e.,  NDMA  plus  other  aqueous 
species)  carbon  mass  was  40.2%.  The  calculated  NDMA  sorption  to  sediment  (in  these  systems 
with  1  g  of  sediment  and  6  mL  of  water)  was  2.0%  of  the  mass.  The  measured  NDMA  sorption 
to  sediment  and  microbes  in  these  reduced  systems  was  0.35%  ±  2.6%  (range  0.0%  to  4.1%),  in 
contrast  to  the  2.7%  ±  4.5%  (range  0%  to  12%)  in  comparable  oxic  systems.  Less  NDMA 
sorption  in  reduced  sediment  systems  has  been  noted  previously,  but  this  also  suggests  limited 
sorption  to  microbial  biomass  in  reduced  sediment  systems.  Although  the  biomass  has  not  been 
measured,  this  may  simply  reflect  much  greater  biomass  in  oxic  systems.  The  total  percent 
carbon  (from  NDMA)  incorporated  into  microbes  was  0.18%  ±  2.2%,  in  contrast  to  5.7%  ±  1.3% 
in  oxic  systems.  Again,  this  could  represent  more  limited  biomass  in  reduced  systems.  The 
chemical  reduction  of  sediment  reduces  the  biomass  about  tenfold  from  ~10’  to  10^  cfu/g,  and 
while  microbes  are  know  to  be  involved  in  NDMA  oxic  mineralization  (Figure  4.48e)  and 
respond  a  small  amount  to  propane  and  yeast  additions  in  oxic  systems,  there  is  essentially  no 
influence  of  any  carbon  additions  on  NDMA  mineralization  in  reduced  systems,  which  suggests 
the  microbial  role  is  small  (mineralization  is  also  slow).  The  likely  hypothesis  for  the  much 
lower  NDMA  carbon  mass  incorporation  into  microbes  in  reduced  systems  is  just  lower 
microbial  biomass  (which  can  be  measured).  The  total  carbon  mass  balance  in  reduced  systems 
was  50.6%  ±  27.6%  in  contrast  to  80.0%  ±  15.6%  (i.e.,  accounted  for  aqueous,  mineralized, 
sorbed  to  sediment  and  microbes,  and  incorporated  into  microbes).  Clearly,  reduced  system 
NDMA  degradation  pathway  is  significantly  different  from  the  oxic  system.  If  the  carbon  mass 
is  not  in  aqueous  solution  (i.e.,  the  aqueous  measurement  accounts  for  all  aqueous  species, 
additional  chromatograph  separation  is  needed  to  measure  '"^C-NDMA,  as  described  in 
Section  4.0),  it  could  be  present  in  the  headspace  as  volatile  compounds  that  are  not  sequestered 
in  the  CO2  trap  (i.e.,  1-M  NaOH).  A  carbon  trap  (i.e.,  activated  carbon)  in  the  headspace  can  be 
used  to  trap  any  of  these  volatile  organic  compounds,  as  was  previously  reported  for  RDX 
mineralization  (Szecsody  et  al.  2007a). 

Four  '"^C-NDMA  labeled  experiments  were  conducted  in  which  '"^C-NDMA  was  measured  over 
time  down  to  parts  per  trillion  concentration.  This  technique  used  a  large  (44-cm^  volume) 
preparatory-scale  HPLC  column  (described  in  Section  3.0)  to  separate  NDMA  from  smaller 
molecular  weight  compounds.  Then,  the  separated  NDMA  was  counted  on  a  scintillation 
counter.  At  a  starting  NDMA  concentration  of  2.5  ppm,  the  NDMA  degradation  half-life  was 
102  hours  (Figure  4.49a).  At  a  starting  NDMA  concentration  of  36  ppb  (highest  level  recorded 
in  the  Aerojet  aquifer),  the  NDMA  degradation  half-life  was  109  hours  (Figure  4.49).  At  starting 
concentrations  of  100  and  10  ppt  (Figures  4.49c  and  d),  NDMA  had  degraded  below  detection 
limits  (3  ppt)  by  the  first  sample  (24  hours).  This  is  a  half-life  of  4.7  hours  or  faster. 

4.3.3  NDMA  Mineralization  in  Sequential  Reduced  then  Oxic  Sediment  Systems 
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Since  NDMA  can  be  rapidly  degraded  to  DMA  in  reduced  sediment,  mineralization  experiments 

were  conducted  in  order  to  determine  if 
sequential  reduced  sediment,  then  oxic 
sediment  could  be  used  to  mineralize 
NDMA  in  situ.  If  a  successful  system  can 
be  optimized,  the  field-scale  application 
would  be  a  chemically  reduced  zone  with 
downgradient  oxic  biostimulation  zone. 
Three  different  additions  were  added  to  the 
initial  reduced  systems:  a)  varying 
amounts  of  carbon  as  yeast  extract  (Figure 
4.50a),  b)  varying  amounts  of  humic  acid 
(Figure  4.51a),  and  c)  varying  amounts  of 
propane.  As  previously  discussed,  these 
additions  did  not  increase  NDMA 
mineralization  in  the  reduced  sediment  (as 
most  of  the  mineralization  appears  to  be 
abiotic),  but  it  does  acclimate  the  microbial 
population  with  the  additions. 
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These  systems  were  also  initially  pre¬ 
acclimated  with  NDMA  for  1632  hours 
before  the  start  of  the  experiments.  In  all 
cases,  NDMA  mineralization  was  4%  to 
6%  in  the  reduced  sediment.  At 
1000  hours,  all  of  the  systems  were 
oxidized  and  carbon  additions  were  made 
(Figures  4.50b,  4.51b,  4.52b). 

At  the  field  scale,  a  reduced  sediment  zone 
created  by  chemical  reduction  of  30  to 
40  ft  in  width  would  remove  dissolved 


Figure  4.49.  NDMA  degradation  and  carbon  mass 
balance  in  reduced  Aerojet  sediment  with  NDMA. 
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Figure  4.50.  NDMA  mineralization  in  sequential  reduced,  then  oxic  systems  with  propane 
addition. 
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Figure  4.51.  NDMA  mineralization  in  sequential  reduced,  then  oxic  systems  with  humic  acid 
addition. 
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Figure  4.52.  NDMA  mineralization  in  sequential  reduced,  then  oxic  systems  with  yeast  addition. 


oxygen,  so  downgradient  groundwater  would  be  anaerobic.  A  sequential  system  would  have  to 
sparge  air  into  the  aquifer  downgradient  of  the  reduced  zone.  This  type  of  sequential  treatment 
has  been  previously  implemented  (Bell  et  al.  2003;  Morkin  et  al.  2000).  Three  different  types  of 
reduction,  then  oxidation  treatments  were  conducted  in  these  systems. 


Figure  4.53.  NDMA  mineralization  in 
sequentially  reduced,  then  oxic  systems 
(oxic  system  shown).  The  0.25-mg/L 
NDMA  is  reduced  for  1000  hours,  then 
subjected  to  different  oxidation 
treatments:  a)  liquid  removed  from 
reduced  sediment,  added  to  oxic 
sediment,  b)  reduced  sediment  was 
oxidized,  and  c)  reduced  sediment  was 
oxidized  and  oxic  sediment  was  added. 
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An  approximation  of  sequential  reduction,  then  downgradient  oxidation  in  batch  systems  was 
accomplished  by  NDMA  mineralization  for  1000  hours  in  reduced  Aerojet  sediment,  removal  of 
the  aqueous  solution,  and  placing  it  in  oxic  sediment  (Figure  4.53a).  The  initial  reduction  step 
resulted  in  5%  to  6%  NDMA  mineralization.  The  subsequent  oxidation  for  2100  hours  resulted 
in  14.5%  total  mineralization  (propane  addition),  12.4%  mineralization  (humic  acid  addition), 
and  7.6%  mineralization  (yeast  addition).  Although  the  subsequent  oxidation  (with  additions) 
did  promote  additional  NDMA  mineralization,  the  rate  and  extent  was  still  significantly  less  than 
or  equal  to  that  for  purely  oxic  systems  (Figure  4.33). 

NDMA  mineralization  was  also  measured  in  two  other  sequential  reduced,  then  oxidation 
treatment  systems.  Mineralization  in  the  reduced  sediment  (4.8%  to  5.5%),  then  oxidation  of 
the  reduced  sediment  resulted  in  a  total  mineralization  of  7.2%  to  9.8%  after  2200  hours 
(Figure  4.53b).  Since  this  was  less  efficient  than  mineralization  in  oxic  sediment  (Figure  4.33), 
this  may  indicate  that  microbes  in  the  reduced  zone  are  not  easily  adapted  to  the  subsequent  oxic 
environment.  At  field  scale,  this  means  oxidation  of  a  reduced  zone  does  not  contain  as  viable  a 
microbial  community  as  a  zone  that  had  remained  oxic.  Although  microbial  attachment  is 
generally  high,  microbes  do  migrate  with  groundwater.  To  approximate  oxic  microbial  invasion 
into  a  reduced  sediment  zone,  the  reduced  sediment  was  oxidized  and  oxic  sediment  was  also 
added.  The  resulting  NDMA  mineralization  extent  during  mineralization  was  only  8.3%  to 
11.1%  (Figure  4.53c),  or  still  less  than  purely  oxic  sediment. 

An  additional  set  of  sequential  reduced,  then  oxic  sediment  systems  were  conducted  at  differing 
initial  NDMA  concentration  from  2.5  ppm,  36  ppb,  100  ppt,  and  10  ppt  (Figure  4.54).  NDMA 
degradation  in  the  3000  hours  in  reduced  sediment  is  previously  described  (Figure  4.49),  with 
NDMA  concentration  to  <3  ppt  by  a  few  hundred  hours.  NDMA  mineralization  by  2000  hours 
in  the  reduced  sediment  was  9.2%  (10  ppt  and  100  ppt;  Figure  4.54a  and  c),  8.9%  (36-ppb  initial 
NDMA  concentration;  Figure  4.54e),  and  5.5%  (2.5-ppb  initial  NDMA  concentration;  Fig¬ 
ure  4.54g).  The  subsequent  oxidation  of  the  reduced  sediment  increased  NDMA  mineralization 
slightly  over  the  next  8900  hours  (371  days)  to  12.8%,  9.7%,  9.0%,  and  5.6%,  respectively 
(Figure  4.54b,  d,  f,  and  h). 

In  conclusion,  NDMA  mineralization  occurs  biotically  in  oxic  sediment  if  specific  monooxy¬ 
genase  enzymes  are  present  in  some  of  the  population,  and  in  contrast  NDMA  mineralization  in 
reduced  sediment  appears  to  be  primarily  abiotic.  Although  NDMA  degradation  is  very  rapid 
(10-hour  half-life,  ideal  conditions)  in  reduced  sediment,  NDMA  mineralization  is  10  times 
slower  in  reduced  systems  (3480-hour  half-life)  relative  to  oxic  Aerojet  sediment  (342 -hour  half- 
life).  The  mineralization  extent  in  reduced  systems  is  also  significantly  less,  at  5%  to  17% 
compared  to  30%  to  60%  in  oxic  sediment.  For  the  reduced  Aerojet  sediment,  carbon  addition 
normally  associated  with  increasing  monooxygenase  pathways  (propane,  methane,  and  toluene) 
had  no  influence  on  NDMA  mineralization.  Other  carbon  additions  (humic  acid,  yeast  extract, 
trace  nutrients)  also  did  not  increase  mineralization.  NDMA  mineralization  in  these  sequential 
reduced  sediment  followed  by  oxic  sediment  treatment  did  result  in  slightly  more  rapid 
mineralization  and  a  greater  mineralization  extent  relative  to  reduced  systems.  However,  these 
increases  were  minor,  so  aerobic  NDMA  mineralization  with  oxygen  and  propane  addition  are 
the  most  viable  NDMA  mineralization  strategy.  However,  rates  and  extent  could  not  be  well 
controlled  for  the  three  aquifer  sediments  (Aerojet,  Ft.  Lewis,  Puchack)  by  various  additions, 
which  suggested  other,  unidentified  nutrients  were  limiting. 
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Figure  4.54.  NDMA  mineralization  in  sequential  reduced  then  oxic  systems  at  differing 
NDMA  initial  concentration. 
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4.4  Task  4  -  Large-Scale  NDMA  Mineralization  under  Aquifer 
Conditions 

NDMA  degradation  in  reduced  sediment  occurs  primarily  by  adsorbed  ferrous  iron  on  iron  oxide 
and/or  clay  surfaces,  and  the  rate  is  relatively  well  defined  by  numerous  experiments.  In 
contrast,  NDMA  mineralization  does  occur  in  oxic,  reduced,  and  sequential  reduced/oxic 
sediment  systems,  but  there  is  a  poor  ability  to  increase  the  rate  by  various  additions.  Measure¬ 
ment  of  the  rates  that  would  occur  at  field  scale  require  a  high  sediment/water  ratio  of  the  aquifer 
(or  packed  column)  and  advection  of  NDMA.  Due  to  the  need  to  characterize  NDMA  degra¬ 
dation  and  mineralization  rates  under  field-like  conditions.  Task  4  was  rescoped  from  a  small 
field  demonstration  to  large  laboratory  1-D  column  systems  with:  a)  reduced  sediment  only, 
b)  oxic  sediment  only,  and  c)  reduced  sediment  followed  by  oxic  sediment  (with  air/propane 
injection  before  the  oxic  column).  These  systems  were  injected  with  *"^C-labeled  NDMA  for 
2500  hours  at  varying  flow  rates  to  characterize  the  mass  balance  of  NDMA  degradation.  Higher 
sediment/water  ratios  in  these  1-D  columns  mean  proportionally  higher  ferrous  iron  and  microbial 
population  are  present  per  mole  of  aqueous  NDMA,  so  observed  rates  (expressed  as  a  half-life) 
are  more  rapid. 

Advection  of  NDMA  (and  oxygen/propane  for  the  oxic  column)  will  be  less  efficient  in  these 
1-D  column  systems,  compared  to  previously  described  batch  systems.  In  other  words,  dissolved 
oxygen  and  propane  may  not  advect  to  all  of  the  microbes  in  these  columns,  whereas  in  batch 
systems,  there  is  parallel  access  to  all  of  the  microbial  population  on  the  sediment.  This 
generally  leads  to  lower  degradation  rates  in  1-D  column  systems  relative  to  batch  systems. 

The  main  purpose  of  these  experiments  is  to  quantify  relevant  rates  of  NDMA  degradation  and 
mineralization  in  reduced  sediment,  oxic  sediment,  and  sequential  reduced-oxic  sediment  under 
field  relevant  conditions  of  high  sediment/water  ratio  and  advective  flow.  Specific  questions  to 
address  include: 

•  Is  NDMA  degradation  most  rapid  in  reduced  versus  oxic  sediment  (and  sequential 
reduced/oxic  sediment  system  is  predominantly  driven  by  the  reduced  system)? 

•  Which  system  most  rapidly  mineralizes  NDMA:  oxic,  biotic  system  or  reduced,  abiotic 
system  or  sequential  reduced-oxic  system  (abiotic/biotic)? 

•  Is  NDMA  mineralization  in  reduced  system  abiotic? 

•  Does  the  sequential  reduced-oxic  system  demonstrate  more  rapid  NDMA  mineralization 
than  either  reduced  or  oxic  systems? 

•  Is  the  biotic  NDMA  mineralization  in  oxic  systems  less  efficient  compared  to  previously 
reported  batch  systems? 

•  Is  the  abiotic  NDMA  mineralization  in  reduced  systems  the  same  as  previously  reported 
batch  systems? 

•  Can  the  NDMA  degradation  and  mineralization  behavior  be  sustained? 
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These  questions  were 
addressed  in  a  series  of 
15  long-term  (3 -month) 
column  studies  with 
reduced  sediment  only  or 
oxic  sediment  only  (with 
NDMA-laden  water, 
propane,  and  air 
injection)  or  sequential 
reduced,  then  oxic 
sediment  columns 
(described  in  detail  in 
Section  3.0).  The 

general  configuration  of  experiments  (Figure  4.55)  shows  NDMA-laden  water  injection  into 
reduced  or  oxic  sediment  columns,  or  a  more  complex  configuration  for  sequential  reduced-oxic 
sediment  columns  of  NDMA-laden  water  injection  into  the  reduced  sediment  column,  and 
propane/air  (4:1  ratio)  injection  in  between  the  reduced  and  oxic  columns  (gas  was  20%  of  the 
water  volume).  Because  NDMA  degradation  to  DMA  in  reduced  sediment  was  fairly  rapid 
(10-hour  half-life  or  more  rapid,  as  reported  earlier  in  batch  and  1-D  columns),  the  residence 
time  in  reduced  columns  was  relatively  small  (ranging  from  8  to  150  hours;  Table  4.6).  In 
contrast,  the  biotic  NDMA  degradation/mineralization  was  relatively  slow  (hundreds  to 
thousands  of  hours  half-life),  so  the  residence  time  in  oxic  columns  was  large  (ranging  from  60 
to  1230  hours).  The  residence  time  in  each  column  was  controlled  by  a  combination  of  the 
volume  of  the  column  and  flow  rate.  Results  from  all  experiments  are  described  in  the  following 
sections. 
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Figure  4.55.  System  used  for  sequential  reduced/oxic  sediment 
degradation  and  mineralization  of  NDMA. 


Table  4.6.  Results  of  sequential  reduced,  oxic  sediment  column  mineralization  of  NDMA. 

final  concentrations 


column  residence  time  (h)  pore  volumes 

NDMA 

aqueous 

CO2 

volatile  C 

NDMA  deg. 

NDMA  min. 

NDMA  min. 

# 

reduced 

oxic 

both 

start 

end 

(C/Co) 

(C/Co) 

(C/Co) 

(C/Co) 

half-life  (h)* 

half-life  (h)* 

half-life  (h)** 

sequential  reduced/oxic  columns 

X160 

8.91 

60.1 

69.0 

0 

6.4 

0.482 

0.525 

0.044 

- 

10.3 

224.7 

2124 

X161 

9.00 

266.2 

275.1 

0 

1.7 

0.155 

0.182 

0.121 

- 

5.41 

153.5 

4694 

X162 

8.08 

104.2 

112.3 

0 

3.8 

0.121 
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0.048 

- 

7.04 

274.0 

3805 

X180 

32.0 

216.1 

248.1 

6.4 

9.1 
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0.464 
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0.001 

33.2 

231.2 

1790 

X181 

10.7 

317.3 

328.0 

1.7 

3.5 
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0.001 

7.16 

66.4 

2030 

X182 

28.3 

364.5 
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3.8 

5.6 

0.372 
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0.101 

0.003 

22.5 

187.1 

2598 

X190 

148.3 

1000.3 

1148.6 

9.1 

9.9 

0.096 

0.439 
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0.003 

46.3 

410.0 

3177 

X191 

29.94 

885.8 

915.8 

3.5 

4.6 

0.010 
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0.225 

0.012 

4.50 

130.5 

3992 

X192 

95.25 

1227.7 

1323.0 

5.6 

6.3 

0.028 

0.343 

0.257 

0.004 

18.9 

317.8 

4411 

mean  ±  standard  deviation: 

17.2±14.5 

2221104 

318011094 

reduced  column  only 

X164 

8.16 

- 

8.16 

0 

50 
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0.022 

- 

28.6 

368.6 

X184 

27.64 

- 

27.64 

50 

80 

0.550 

0.537 

0.062 

0.003 

36.8 

287.7 

X194 

118.08 

- 

118.08 

80 

87 

0.070 
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0.004 

31.0 
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mean  ±  standard  deviation: 

32.1±4.2 

4101147 

oxic  column  only 

X163 

- 
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62.16 

0 

7.1 

0.616 
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0.047 

- 

150.4 

838.9 

X183 

- 
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7.1 

10.2 
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0.062 

0.007 

299.1 

1642 

X193 

- 

1625.7 
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10.2 
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0.391 
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4398 

mean  ±  standard  deviation: 
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*  using  the  residence  time  in  the  reduced  coiumn  oniy 


using  the  totai  residence  time  (reduced  and  oxic  coiumns) 
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4.4.1  NDMA  Mass  Balance  in  Reduced  1-D  Column  Systems 


The  NDMA  degradation  rate  has  been  quantified  in  ~50  1-D  columns  previously  reported, 
although  these  experiments  additionally  quantify  the  mineralization  rate.  Three  1-D  columns 
(Figure  4.56)  showed  an  average  NDMA  degradation  half-life  of  32.1  hours  (±  4.3  hours; 

Table  4.6),  based  on  the  residence  time  in  the  column  (8.2  to  1 18  hours)  and  steady-state  effluent 
NDMA  concentration  (7.0%  to  72%  of  the  influent  250-ppb  NDMA).  This  was  slower  than 
expected  (predicting  2.0-  to  10.0-hour  half-life),  although  there  may  have  been  some  loss  in  the 
reductive  capacity  of  this  sediment.  NDMA  degradation  in  the  reduced  sediment  is  primarily 

abiotic,  as  described  in  previous  experi¬ 
ments  (Figure  4.36).  NDMA  mineral iza- 

0  10  20  porevol  40  50  .  ^  ®  „ 

tion  was  surpnsmgly  fast,  with  an  average 
half-life  of  410  ±  147  hours  (Table  4.6). 
Mineralization  in  batch  experiments 
averaged  3475  ±  504  hours  half-life  with  a 
sediment/water  ratio  of  1  g/6  mL.  These 
column  studies  had  an  averaged  sediment/ 
water  ratio  of  4.68  g/mL  (based  on  the 

55  60  porevol  65  70  averaged  dry  bulk  density  of  1 .78  g/cmV 
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porosity  of  0.38),  or  28  times  greater 
sediment  (and  reduced  iron)  to  NDMA  in 
the  aqueous  phase.  Based  on  batch  experi¬ 
mental  results,  the  NDMA  mineralization 
rate  is  predicted  at  a  124-hour  half-life. 

The  observed  NDMA  mineralization  half- 
life  of  410  hours  (3.3  times  slower  than 
predicted)  for  this  presumed  abiotic  process 
is  likely  caused  by  the  lack  of  mixing  in 
1-D  columns  (between  the  NDMA  in 
solution  and  surface  phases)  relative  to 
much  greater  mixing  in  batch  systems. 

The  NDMA  mineralization  half-life  of 
410  hours  (range  288  to  573  hours. 


Table  4.6)  is  somewhat  slow  for  field 

Figure  4.56.  NDMA  degradation  and  mineralization  application.  Generally  a  reaction  half-life 
in  large  1-D  reduced  sediment  columns.  of  <^00  hours  is  needed  in  order  to  have 


sufficient  residence  time  in  a  20-  to  30-ft 


diameter  reduced  zone  to  degrade  the  contaminant  of  interest.  Although  DMA  and  other  inter¬ 
mediates  were  not  measured,  the  total  aqueous  intermediates  (from  measuring  total  aqueous  *"^C) 
ranged  from  51%  to  77%  compared  to  7.0%  to  72%  NDMA.  Volatile  carbon  compounds 
averaged  0.35%  and  total  carbon  mass  balance  averaged  68.9%  ±  9.3%,  and  30%  lost  must  be 
volatile  low  molecular  weight  compounds  that  are  not  adsorbed  onto  activated  carbon. 
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4.4.2  NDMA  Mass  Balance  in  Oxic  1-D  Column  Systems 


The  NDMA  degradation  rate  in  oxic  sediment  in  previous  batch  studies  was  extremely  slow,  but 
NDMA  was  biotically  mineralized  with  an  average  half-life  of  342  ±  36  hours  (sediment/water 
ratio  of  1  g/6  mL).  With  the  28  times  greater  sediment/water  ratio  in  columns,  these  data  show  a 
predicted  biotic,  oxic  system  mineralization  half-life  in  the  large  columns  of  12.2  hours.  It 
should  be  noted  that  bioremediation  in  column  systems  are  typically  significantly  slower  than 
predicted  from  batch  results  (orders  of  magnitude)  due  to  the  lack  of  mixing  of  prime  electron 
donor/acceptor  as  well  as  trace  nutrients.  For  example,  biodegradation  may  occur  rapidly  near 
the  inlet  using  up  all  of  a  specific  nutrient,  which  leads  to  no  microbial  activity  in  the  remainder 
of  the  column.  The  apparent  biodegradation  rate  is  based  on  the  total  residence  time  in  the 
column  system,  so  the  rates  look  artificially  low. 


In  these  large  1-D  columns,  three  experi¬ 
ments  (shown  in  Figure  4.57,  results  in 
Table  4.6)  with  residence  times  ranging 
from  62  to  1625  hours,  the  NDMA  effluent 
ranged  from  62%  to  8.2%  of  influent 
concentration,  total  aqueous  ranged 
from  68%  to  39%,  and  mineralization 
ranged  from  4.7%  to  25.2%.  In  addition, 
the  volatile  carbon  ranged  from  0.7%  to 
1.3%.  Due  to  the  very  large  residence 
times,  the  observed  NDMA  degradation 
half-life  of  309  ±164  hours  and  minerali¬ 
zation  half-life  of  2293  ±  1866  hours 
(Figure  4.57,  Table  4.6).  This  oxic,  biotic 
mineralization  rate  in  the  1-D  columns 
(2293-hour  half-life  average)  was  188  times 
slower  than  predicted  from  batch  biodegra¬ 
dation  studies.  There  was  a  trend  of  slower 
residence  time  produced  a  slower  NDMA 
mineralization  rate  (62-hour  residence  time 
had  a  839-hour  mineralization  rate, 

1625 -hour  residence  time  had  a  4400-hour 
residence  time),  which  may  indicate  a 
nutrient  limitation  at  the  slow  flow  rates 
(such  as  dissolved  oxygen).  Only  these 
three  oxic  columns  were  conducted, 
although  it  is  possible  that  a  much  greater 
gas  to  liquid  injection  into  the  oxic  column 
(Figure  4.55)  would  be  more  efficient. 
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X193  NDMA  Mineralization  in  an  Oxic  1-D  Column 
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Figure  4.57.  NDMA  degradation  and  mineralization 
in  large  1-D  oxic  sediment  columns. 


4.4.3  NDMA  Mass  Balance  in  Reduced  then  Oxic  !-D  Column  Systems 

NDMA  degradation  and  mineralization  in  sequential  reduced/oxic  column  systems  was 
characterized  in  nine  experiments  with  a  range  of  residence  times  and  a  range  of  differences  in 
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residence  time  between  the  reduced  and  oxic  sediment  columns  (Figure  4.58).  The  NDMA 
effluent  concentration  was  12%  to  48%  for  short-residence  time  systems,  and  2.8%  to  10%  for 
longer  residence  times,  which  corresponded  to  a  relatively  constant  NDMA  degradation  rate. 
The  NDMA  degradation  (average  half-life  17.2  ±  14.5  hours.  Table  4.6)  was  a  slight  function  of 
residence  time,  with  longer  residence  times  exhibiting  slower  apparent  rates  (black  squares, 
Figure  4.59),  but  no  trend  indicated  for  the  three  reduced  sediment  columns  (green  triangles). 
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XI 81  Sequential  Reduced/Oxic  NDMA  in  1-D  Columns 
0.8^  Reduced  column:  10.7  h/pv,  Oxic  column:  317  h/pv 
NDMA  removal:  7.1  h  half-life 
mineralization:  1830  h  half-life 

aqueous  14C  ^  ^  = 

NDMA  ^ 

C02  ^ 


headrace  carb^ 


0  100  200  time(h)  400 

4  4.5  pore  vol  5  5.5 


500 


600 


600 

4.6 


1.0- 

0.8 

00.6- 

O0.4 

0.2^ 

0.0 


1.0- 

0.8- 


X182  Sequential  Reduced/Oxic  NDMA  in  1-D  Columns 
Reduced  column:  28.3  h/pv,  Oxic  column:  264  h/pv 
NDMA  removal:  22.5h  half-life 
mineralization:  2170  h  half-life 
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XI 90  Sequential  Reduced/Oxic  NDMA  in  1-D  Columns 
Reduced  column:  148  h/pv,  Oxic  column:  1000  h/pv 
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XI 92  Sequential  Reduced/Oxic  NDMA  in  1-D  Columns 
Reduced  column:  95  h/pv,  Oxic  column:  1230  h/pv 
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Figure  4.58.  NDMA  degradation  and  mineralization  in  large  sequential  reduced/oxic  sediment 
columns. 
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Many  of  the  interpretation  questions  are  focused  on  the  relative  reactivity  of  the  sequential 
system  versus  the  reduced  or  oxic  column  systems.  Data  interpretation  is  somewhat  ambiguous 
for  the  sequential  column  system,  as  there  are  two  different  residence  times  (reduced  column  and 
oxic  column).  As  previous  experiments  have  clearly  demonstrated,  NDMA  degradation  occurs 
3  to  4  orders  of  magnitude  more  rapidly  in  reduced  sediment  and  is  abiotic.  Therefore,  NDMA 
degradation  rates  are  calculated  in  the  sequential  systems  using  the  residence  time  for  the 
reduced  column  only.  Comparison  of  the  NDMA  degradation  half-life  obtained  in  these 
sequential  columns  (17.2  ±  14.5  hours)  to  reduced  columns  (32.1  ±  4.2  hours)  and  oxic  columns 
(309  ±164  hours)  shows  similar  results  for  the  sequential  and  reduced  only  columns,  so  NDMA 
degradation  in  the  sequential  systems  is  likely  dominated  by  reactivity  in  the  reduced  sediment 
portion  of  the  system.  It  should  be  noted  that  the  average  NDMA  degradation  half-life  in  the 
sequential  system  indicated  twice  the  reaction  rate  compared  to  the  average  in  the  reduced 
columns  alone.  This  may  be  indicative  of  some  additional  degradation  of  NDMA  in  the  oxic 
column  portion  of  the  sequential  systems.  Clearly,  oxic  sediment  by  itself  (with  supplied 
propane/air)  was  only  degrading  NDMA  slowly,  with  an  average  309-hour  half-life.  Therefore, 
these  data  are  consistent  with  previous  batch  and  1-D  column  studies  that  indicate  NDMA 
degradation  is  10  to  20  times  more  rapid  in  reduced  sediment  (abiotic  mechanism)  than  in  oxic, 
biostimulated  sediment.  The  NDMA  degradation  rate  in  the  coupled  reduced-oxic  columns  was 
calculated  based  on  the  average  NDMA  degradation  rate  in  the  reduced  sediment  columns  alone 
(32.1-hour  half-life,  rate  0.0216/hour)  and  oxic  sediment  columns  alone  (309-hour  half-life,  rate 
0.00224/hour).  The  average  calculated  sequential  system  half-life  was  13.5  ±  4.8  hours,  which 
was  surprisingly  close  to  the  observed  rate  of  17.2  ±  14.5  hours  half-life  calculated  assuming 
most  of  the  degradation  was  in  the  reduced  sediment  column.  For  the  calculated  rate,  the 
contribution  of  the  reduced  sediment  accounted  for  60.5%  of  NDMA  degradation  (oxic  columns 
had  12  times  the  residence  time  of  the  reduced  sediment  columns). 

As  described  in  the  previous  two  sections,  NDMA  mineralization  in  the  reduced  sediment 
columns  showed  an  average  half-life  of  410  hours,  and  the  oxic  sediment  columns  had  an 
average  half-life  of  2293  hours.  There  was  considerably  more  variability  in  the  oxic  sediment 
columns,  which  may  also  be  indicative  of  a  biotic  process.  Interpretation  of  NDMA  minerali¬ 
zation  in  the  sequential  reduced/oxic  columns  is  problematic,  as  both  the  reduced  and  oxic 
sediment  columns  can  contribute  to  NDMA  mineralization. 

Assuming  NDMA  mineralization  is  nearly  all  occurring  in  the  reduced  sediment,  NDMA 
degradation  half-life  calculated  in  the  sequential  systems  using  the  residence  time  of  NDMA  in 
the  reduced  column  only  result  in  an  average  of  222  ±104  hours,  or  twice  as  fast  as  the  half-life 
for  the  separate  reduced  sediment  columns  alone  (410  ±  147  hours,  Table  4.6).  If  true,  this 
implies  most  of  the  NDMA  mineralization  occurring  in  the  reduced  sediment,  with  some  slight 
additional  mineralization  in  the  downgradient  oxic  column  (to  account  for  the  increased  mineral¬ 
ization  rate  for  the  sequential  columns  compared  to  just  the  reduced  sediment  columns).  Similar 
to  the  NDMA  degradation  half-life  (Figure  4.59),  there  is  a  trend  observed  with  residence  time 
for  the  oxic  biomineralization  of  NDMA  (Figure  4.60a,  red  circles),  but  nearly  no  trend  with  the 
abiotic  reduced  sediment  mineralization  or  sequential  systems. 

Alternatively,  assuming  NDMA  mineralization  is  occurring  in  both  the  reduced  and  oxic  columns, 
the  half-life  calculated  assuming  this  total  residence  time  is  considerably  greater  (compared  to 
just  the  reduced  sediment  column  residence  time),  so  the  average  half-life  is  3180  ±  1094  hours. 
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Figure  4.59.  Comparison  of  NDMA 
degradation  half-life  in  reduced,  oxic,  and 
sequential  systems. 
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Figure  4.60.  Comparison  of  NDMA 
mineralization  half-life  in  reduced,  oxic,  and 
sequential  systems  calculated  assuming 
residence  time  of:  a)  reduced  column  only  and 
b)  reduced  and  oxic  columns. 


This  is  slower  than  either  the  oxic  sediment  alone 
(half-life  2293  ±1866  hours)  or  reduced  sediment 
alone  (half-life  410  ±  147  hours).  In  addition, 
NDMA  mineralization  half-life  for  the  sequential 
systems  is  not  statistically  separate  from  the  oxic 
column  systems  (residence  time  trend  shown  in 
Figure  4.60b).  Therefore,  an  alternate  hypothesis 
is  that  NDMA  mineralization  in  these  sequential 
reduced/oxic  systems  are  slower  than  the  oxic 
system  alone  due  to  degradation  of  NDMA  to 
DMA  and  other  intermediates  in  the  reduced 
sediment  is  harder  to  biodegrade  than  NDMA 
itself  Calculation  of  the  NDMA  mineralization 
in  the  sequential  reduced-oxic  systems  based  on 
the  average  rates  for  the  separate  reduced 
sediment  (half-life  410  hours,  rate  0.0017/hour), 
and  oxic  sediment  (half-life  2293  hours,  rate 
0.000302/hour)  had  an  average  half-life  of 
1719  ±  240  hours.  This  calculated  NDMA 
mineralization  rate  in  the  sequential  reduced-oxic 
systems  was  much  more  rapid  than  the  observed 
half-life  of  3 180  ±  1094  hours,  which  may 
indicate  the  oxic  sediment  portion  of  the  system 
was  not  working  efficiently  (i.e.,  insufficient 
nutrient  delivery,  for  example). 

Another  method  to  address  trends  in  data  was 
considered  to  address  the  role  of  the  reduced  and 
oxic  columns  for  NDMA  mineralization  in  the 
sequential  systems.  Reduced  sediment  columns 
with  all  the  same  residence  time,  but  increasing 
residence  times  of  the  oxic  sediment  column 
(downgradient)  would  show  increasing  degra¬ 
dation  as  a  result  of  and  reactivity  in  the  oxic 
sediment,  or  would  show  no  change  in 
degradation/  mineralization  if  there  is  very  little 
reactivity  in  the  oxic  sediment.  There  were  five 
sequential  column  systems  with  nearly  the  same 
residence  time  in  the  reduced  sediment  (8  to 
10  hours),  but  the  residence  time  in  the  down- 
gradient  oxic  column  varied  from  60  to  3 17  hours. 
A  second  set  of  three  sequential  experiments  had 
a  reduced  sediment  residence  time  of  28  hours, 
but  the  residence  time  in  the  downgradient  oxic 
column  varied  from  264  to  885  hours.  In  all 
cases,  the  NDMA  degradation  rate  and  NDMA 
mineralization  rate  was  more  rapid  with 
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increasing  residence  time  in  the  down- 
gradient  oxic  column  (Figure  4.61).  This 
clearly  indicates  the  oxic  sediment  did 
influence  the  reactivity  in  the  system  for 
both  NDMA  degradation  as  well  as 
NDMA  mineralization  (i.e.,  the  observed 
reactivity  was  not  purely  a  function  of 
purely  abiotic  reactivity  in  the  reduced 
sediment). 

The  slope  of  the  relationship  between 
residence  time  in  the  oxic  sediment  column 
compared  to  the  resulting  NDMA  degra¬ 
dation  or  mineralization  half-life  [half- 
life  =  (slope)  log  (t)]  provides  a  rough 
indication  of  the  significance  of  (in  this 
case)  biodegradation  processes.  For 
NDMA  biodegradation  at  9-  and  28-hour 
residence  times,  the  slope  was  -9.0  to  -9.3 

(Figure  4.61),  whereas  for  NDMA  mineralization  the  slope  was  -48  to  -98.  This  was  consistent 
with  the  hypothesis  that  NDMA  degradation  is  primarily  an  abiotic  process,  but  NDMA 
mineralization  can  be  an  abiotic  or  biotic  process  (biotic  processes  are  much  more  significant). 


Figure  4.61.  Sequential  system:  change  in  NDMA 
degradation  and  mineralization  with  increasing 
reaction  time  in  downgradient  oxic  column. 


To  quantify  the  importance  of  the  reactions 
that  take  place  in  the  upgradient  reduced 
sediment  column,  trends  were  plotted  using 
the  sequential  systems  with  the  same 
residence  time  in  the  oxic  column,  but 
varying  residence  time  in  the  reduced 
sediment  column.  The  presence  of  up 
gradient  reduced  sediment  column 
(compared  to  oxic  sediment  column  alone) 
increased  the  NDMA  degradation  rate 
2  orders  of  magnitude  (Figure  4.62), 
clearly  indicating  the  significance  of 
reactivity  in  the  reduced  sediment.  In 
contrast,  presence  of  the  reduced  sediment 
had  little  influence  on  NDMA  minerali¬ 
zation,  where  two  data  sets  showed  an 
increase  in  mineralization  and  one  data  set 
showed  a  decrease  in  mineralization  in  the 
presence  of  the  reduced  sediment. 
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Figure  4.62.  Sequential  system:  change  in  NDMA 
degradation  and  mineralization  with  increasing 
reaction  time  in  upgradient  reduced  sediment  column. 


Finally,  to  address  the  question  of  longevity  of  the  reactivity  observed  in  the  reduced,  oxic,  and 
sequential  column  systems,  NDMA  degradation  and  mineralization  half-lives  are  plotted  against 
the  number  of  pore  volumes  of  water  injected  into  the  systems  (Figure  4.63).  The  reduced 
sediment  system  with  a  reductive  capacity  of  100  pmol  Fe(II)/g  has  a  high  longevity  of  277  pore 
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volumes  of  oxygen-saturate  water 
(Figure  4.38).  It  is  expected  that  the  ability 
of  the  adsorbed  ferrous  iron  to  degrade 
NDMA  will  decrease  more  rapidly  than 
this  reductive  capacity.  Large  1-D  column 
studies  show  that  between  20  and  84  pore 
volumes,  there  was  no  decrease  in  the 
reported  NDMA  degradation  half-life 
(Figure  4.63,  green  diamonds).  In 
addition,  the  NDMA  mineralization  half- 
life  in  the  reduced  sediment  columns 
(presumed  to  be  abiotic)  showed  a  slight 
increase  in  half-life  (Figure  4.63,  blue 
triangles).  In  contrast,  longevity  of  the 
biotic  processes  was  limited,  which  is  not 
surprising  considering  few  nutrients  are 
added  to  the  systems.  In  the  oxic  (only) 
sediment  columns,  the  NDMA  degradation 
half-life  (red  circles.  Figure  4.63)  and  NDMA  mineralization  half-life  (orange  squares. 

Figure  4.63)  showed  a  significant  decrease  in  rate  with  increasing  pore  volumes  (from  1  to 
10  pore  volumes).  Based  on  the  trends  observed  in  these  single-process  columns,  trends 
observed  in  the  sequential  reduced-oxic  columns  are  likely  caused  by  the  decreased  biotic 
reactivity  with  increasing  pore  volumes  in  the  oxic  sediment  columns. 

In  summary,  this  series  of  large-scale  1-D  reduced  sediment,  oxic  sediment,  and  sequential 
reduced-oxic  sediment  column  systems  at  the  high  sediment/water  ratio  of  field  aquifers  and 
advective  flow  over  thousands  of  hours  provided  significant  insight  into  the  relative  reactivity  of 
reduced  and  oxic  systems  for  degrading  and  mineralizing  NDMA.  More  specifically,  the 
following  conclusions  were  reached: 

•  NDMA  degradation  is  ~10  times  or  more  rapid  in  reduced  sediment  columns  (averaging 
32.1  ±  4.2-hour  half-life)  relative  to  oxic  sediment  columns  with  propane/air  injection 
(averaging  309  ±  164-hour  half-life).  These  results  are  consistent  with  all  previous  reduced 
sediment  results,  but  do  show  increased  biotic  reactivity  in  the  oxic  sediment  columns, 
likely  due  to  the  injection  of  propane  and  air. 

•  NDMA  mineralization  is  most  rapid  in  the  reduced  sediment  (half-life  410  ±  147  hours), 
followed  by  the  oxic  sediment  with  propane/air  addition  (half-life  2293  ±1866  hours),  then 
the  coupled  reduced-oxic  columns  (half-life  3180  ±  1094  hours).  Batch  studies  for  two 
sediments  with  and  without  a  bactericide  clearly  showed  NDMA  mineralization  in  reduced 
sediment  was  predominantly  abiotic.  The  comparison  of  oxic  to  reduced  system  minerali¬ 
zation  was  in  contrast  to  previous  batch  studies,  which  showed  ~10  times  more  rapid 
NDMA  mineralization  in  oxic  sediment  was  188  times  slower  in  these  column  systems  than 
predicted  from  batch  studies.  These  results  are  not  surprising,  as  column  systems  exhibit 
significantly  less  mixing  than  in  batch  systems,  so  much  of  the  microbial  population  may  be 
nutrient  limited.  NDMA  mineralization  in  the  reduced  sediment  was  4  times  slower  in 
these  column  systems  than  predicted  from  batch  studies,  which  is  reasonable  due  to  the 
slight  additional  mixing  limitations  for  an  abiotic  reaction  in  the  column  system. 
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Figure  4.63.  Longevity  of  reactivity  in  column 
systems. 
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•  NDMA  degradation  in  the  sequential  reduced-oxic  sediment  systems  was  slightly  (2  times) 
more  rapid  (17.2  ±  14.5-hour  half-life)  than  reduced  sediment  alone  (32.1  ±  4.2  hours),  as 
caused  by  the  (inefficient  and  slow)  downgradient  biodegradation  in  the  oxic  sediment 
column.  NDMA  mineralization  rates  in  the  sequential  reduced-oxic  sediment  systems 
(3180  ±  1094  hours)  were  slightly  (40%)  slower  than  in  the  oxic  columns  (2293  ± 

1866  hours).  Both  these  data  sets  indicate  sequential  degradation  was  inefficient,  caused 
either  by  NDMA  degradation  intermediates  from  the  upgradient  reduced  column  not  being 
biodegraded  as  easily  as  NDMA  itself  and/or  removal  of  dissolved  oxygen  from  the  water 
that  is  injected  into  the  down  gradient  oxic  column  (with  air/propane)  was  not  efficiently 
maintaining  an  oxic  environment. 

•  The  abiotic  NDMA  degradation  and  mineralization  in  the  reduced  sediment  column 
maintained  the  same  reaction  rate  for  84  pore  volumes  (expected  reductive  capacity  of  this 
sediment  was  ~275  pore  volumes).  These  results  are  not  surprising  considering  the 
predominant  electron  donor  was  adsorbed  ferrous  iron  on  iron  oxide  and  clay  surfaces. 


These  results  demonstrate  the  importance  of  scaling  up  batch  results  to  field  relevant  systems. 
Abiotic  reactivity  scales  relatively  well  as  the  sediment/water  ratio  increases,  as  the  ability  to 
degrade  and  mineralize  NDMA  increases  as  the  ferrous  iron/NDMA  ratio  (sediment/water  ratio) 
increases.  Scaling  up  oxic  biodegradation  of  NDMA  in  from  small  batch  systems  to  large  1-D 
columns  was  significantly  less  efficient  and  most  likely  reflects  the  lack  of  ability  to  deliver 
major  and/or  trace  nutrients  to  microbes  throughout  the  column.  Reactivity  in  the  coupled 
reduced-oxic  sediment  columns  was  mixed.  Degradation  of  NDMA  calculated  from  rates  in 
separate  reduced  and  oxic  sediment  columns  (13.5-hour  half-life)  was  close  to  the  observed  half- 
life  (17.2  hours).  Since  most  of  the  NDMA  degradation  occurred  in  the  reduced  sediment,  this 
up  gradient  column  performed  nearly  the  same  as  in  separate  experiments.  However,  the  NDMA 
mineralization  rate  was  actually  slower  in  the  coupled  system  (half-life  3180  hours)  compared  to 
either  the  reduced  sediment  (410-hour  half-life)  or  oxic  sediment  (2293-hour  half-life).  The 
NDMA  mineralization  half-life  calculated  in  the  coupled  system  based  on  rates  in  reduced  and 
oxic  columns  (1718-hour  half-life)  was  considerably  slower  than  the  observed  half-life  in  the 
coupled  systems,  indicating  a  significant  decrease  in  mineralization  efficiency,  most  likely  for 
the  biotic  (oxic)  column. 

Results  in  this  study  demonstrate  that  dithionite-reduced  aquifer  sediment  degrades  NDMA 
rapidly  (half-life  32.1  hours  in  a  column  system)  and  also  mineralizes  NDMA  slowly  (half-life 
410  hours  in  a  column  system).  This  reactivity  was  maintained  for  84  pore  volumes,  when 
experiments  ended.  It  is  expected  that  the  reactivity  would  last  longer,  but  at  some  point,  the 
ability  of  the  reduced  sediment  to  degrade/mineralize  NDMA  would  decrease.  Dithionite- 
reduced  sediment  results  in  the  dissolution  of  ferric  oxides  and  the  creation  of  predominantly 
adsorbed  ferrous  iron  on  oxide/clay  surfaces.  For  the  Aerojet  sediment  (natural  pH  9.1),  the 
resulting  pH  of  the  dithionite/carbonate  treatment  was  10.5).  There  may  be  other,  more  efficient 
methods  to  create  an  iron-reducing  environment  in  the  subsurface  that  have  this  or  greater 
reactivity,  which  should  be  investigated  in  future  studies.  Mixtures  of  zero  valent  iron  with 
sediment  did  not  show  significant  reactivity  with  NDMA  (Section  4.1.10)  nor  did  it  enhance 
NDMA  mineralization  (Figure  4.46d),  although  the  development  of  a  reduced  zone  in  sediment/ 
zero  valent  iron  mixtures  can  take  hundreds  of  hours.  Biostimulation  is  commonly  used  at  field 
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scale  to  create  an  iron-  or  sulfate-reducing  environment,  which  may  be  and  efficient  method  to 
create  a  zone  to  abiotically  mineralize  NDMA.  Additions  of  ferrous  nitrate  or  some  other  means 
to  inject  ferrous  iron  may  also  be  used  to  create  a  subsurface  zone  containing  sufficient  reductive 
capacity  and  appropriate  electron  transfer  surfaces  to  mineralize  NDMA.  Although  NDMA 
mineralization  in  batch  systems  was  of  a  moderate  rate  in  batch  systems  (342 -hour  half-life), 
biomineralization  of  NDMA  in  column  systems  tested  was  inefficient  (half-life  2293  hours) 
likely  due  to  nutrient  limitations.  Numerous  experiments  evaluating  additions  to  stimulate  in  situ 
microbial  activity  were  largely  ineffective.  However,  ex  situ  bioreactors  utilizing  appropriate 
monooxygenase  isolates  is  very  successful.  Therefore,  field-scale  remediation  of  NDMA  may 
focus  on  a  comparison  of  in  situ  abiotic  NDMA  mineralization  to  ex  situ  biotic  NDMA 
mineralization. 
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5.0  Summary 


The  purpose  of  this  laboratory-scale  project  was  to  investigate  the  in  situ  abiotic/biotic  degra¬ 
dation  of  NDMA  as  a  viable  remediation  alternative  to  pump-and-treat  methods  currently  in  use 
(i.e.,  ex  situ  treatments;  UV  degradation,  oxic  bioremediation,  Mitch  et  al.  2003).  The  research 
was  focused  specifically  for  the  Aerojet,  California  site,  which  has  NDMA  groundwater  abiotic 
contamination  (to  36  ppb),  so  most  experiments  used  Aerojet  aquifer  sediment  (260-ft  depth), 
although  other  aquifer  sediments  used  included  Ft.  Lewis  Logistics  Center  (60-ft  depth,  Tacoma, 
WA)  and  Puchack  Superfund  site  (273-ft  depth,  Camden,  NJ).  An  overall  economic  reason  for 
choosing  in  situ  treatment  over  ex  situ  treatment  is  the  cost  of  pumping  water  from  the  subsur¬ 
face  and  need  to  treat  the  contaminant  of  interest  as  well  as  other  constituents  in  water  before 
reinjecting.  However,  it  should  also  be  said  that  in  situ  treatments  are  much  more  difficult  to 
control  due  to  limited  access  for  biogeochemical  manipulations  and  physical  mixing. 

In  this  laboratory-scale  project,  in  situ  degradation  of  NDMA  is  investigated  in  abiotic,  biotic 
(i.e.,  microbial  isolates  from  sediment),  and  in  coupled  (parallel  and  sequential)  abiotic/biotic 
sediment  systems  (oxic,  anoxic,  Fe-reducing,  S04-reducing  conditions)  to  develop  a  viable 
remediation  technology  process  (or  combination  of  processes).  Initially,  it  was  hypothesized  that 
NDMA  degradation  to  DMA  (dimethylamine,  relatively  nontoxic)  would  be  sufficient  for 
remediation  (this  can  be  accomplished  rapidly  by  abiotic  processes).  However,  because  DMA 
degrades  to  further,  more  toxic  intermediates,  it  was  decided  that  NDMA  mineralization  was  the 
goal.  Before  initiation  of  this  project,  in  situ  NDMA  mineralization  was  thought  to  occur  only 
by  microbial  processes  (abiotic  NDMA  mineralization  was  demonstrated  in  this  project).  It  was 
then  hypothesized  that  sequential  abiotic  NDMA  degradation  to  intermediates  followed  by  oxic 
mineralization  (of  intermediates)  may  be  more  rapid  than  oxic  biomineralization,  as  the  initial 
abiotic  NDMA  mineralization  (in  Fe-reducing  conditions)  was  very  rapid.  Ultimately,  the 
comparison  of  single  in  situ  processes  in  sediment/water  systems  (i.e.,  oxic  biomineralization, 
Fe-reducing  conditions  with  abiotic  mineralization)  to  sequential  process  systems  (sequential 
Fe-reducing,  then  oxic  conditions)  were  used  to  evaluate  the  NDMA  mineralization  efficiency  of 
the  different  systems. 

5.1  NDMA  Degradation  Processes  and  Pathways 

5.1.1  Aqueous  Stability 

In  aqueous  solutions  (no  sediment),  NDMA  (2.5  mg/L)  was  stable  for  700  hours  at  a  pH  of  3.5  to 
14  (Figure  4.1a).  Some  NDMA  degradation  was  observed  at  pH  2.5.  Aqueous  solutions  of 
NDMA  at  different  redox  conditions  induced  by  H2  bubbling  in  water  (Eh  =  -597,  -310,  -230, 
and  +100  mV)  was  also  stable  for  hundreds  of  hours  (McKinley  et  al.  2007;  Figure  4.2).  NDMA 
did,  however,  slowly  degrade  in  0.1  mol/L  sodium  dithionite  solution  (chemical  reductant.  Eh  = 
-560  mV)  with  a  half-life  of  230  hours.  Ferrous  iron  in  aqueous  solution  (no  sediment)  also  did 
not  degrade  NDMA.  Although  there  was  no  photodegradation  of  NDMA  in  fluorescent  light, 
experiments  were  conducted  in  amber  glass  vials  or  PEEK  columns.  NDMA  does  photodegrade 
in  UV  light  (Figure  4.3). 
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5.1.2  Degradation  Mechanism  with  Reduced  Sediment  and  Minerais 

NDMA  (2.5  mg/L)  is  stable  and  exhibits  negligible  degradation  by  1200  hours  in  oxie,  sterile 
Aerojet  sediment  at  pH  7.0  to  1 1  (Figure  4.1b;  Figure  5.1a,  erosses).  In  dithionite-redueed 

Aerojet  sediment  (reductive  capacity 
80  pmol/g,  Eh  =  -200  mV,  pH  =  10.2) 
NDMA  degraded  rapidly  (11-hour  half- 
life,  Figure  5.1a,  open  squares).  This 
degradation  reaction  was  abiotic  (Szecsody 
et  al.  2006),  as  the  addition  of  a  bactericide 
(gluteraldehyde)  did  not  change  the 
NDMA  degradation  rate  (Figure  5.1b). 

The  initial  degradation  product  is  DMA, 
which  was  degraded  to  other  products  after 
hundreds  of  hours  (described  in  the 
following  section;  Szecsody  et  al.  2008a). 
The  reduced  sediment  contains  multiple 
ferrous  iron  phases,  including  adsorbed 
ferrous  iron,  ferrous  oxides,  carbonates, 
and  sulfides.  Dithionite  reduction  also 
results  in  the  reduction  of  some  structural 
Fe(III)  in  2:1  smectite  clays  (Stuck!  et  al. 
1984). 

Evidence  for  the  strong  role  of  adsorbed  ferrous  iron  for  NDMA  degradation  was  shown  by 
removal  of  adsorbed  ferrous  iron  from  the  sediment  (by  ion  exchange  with  Ca^^),  which  slowed 
the  NDMA  degradation  rate  considerably.  With  30  and  70  pmol  of  adsorbed  ferrous  iron 
removal  from  the  batch  system,  the  NDMA  degradation  half-life  increased  to  122  and  310  hours, 
respectively  (triangles.  Figure  5.1a).  Additions  of  ferrous  iron  increased  the  NDMA  degradation 
rate  (diamonds  and  circles.  Figure  5.1a),  but  not  to  the  extent  that  ferrous  iron  removal 
influenced  the  rate. 

Although  adsorbed  ferrous  iron  appears  to  be  the  primary  reductant  for  NDMA,  the  influence  of 
crystalline  ferrous  phases  was  also  investigated.  Alkaline  hydrolysis  with  the  oxie  or  anaerobic 
sediment  (as  a  catalyst)  did  not  degrade  NDMA  (i.e.,  a  reactive  phase  in  the  reduced  sediment 
appears  to  be  involved  in  electron  transfer.  Figure  4.4).  Iron  sulfides,  while  present  in  the 
reduced  sediment,  did  not  promote  significant  NDMA  degradation,  as  additions  did  not  change 
the  NDMA  degradation  rate  (Figure  4.8).  Iron(II)  carbonate  (siderite)  removal  did  not  change 
the  NDMA  degradation  rate  (Figure  4. 10b).  Magnetite  removal  or  addition  to  reduced  sediment 
did  exhibit  some  influence  on  NDMA  degradation,  although  the  effect  appears  to  be  adsorbed 
Fe^"^  on  magnetite.  There  is  no  NDMA  degradation  (to  1000  hours)  in  freshly  ground  magnetite 
(no  sediment.  Figure  4.9a),  although  magnetite  removal  from  the  Aerojet  aquifer  sediment  after 
reduction  shows  a  significant  influence  (Figure  4.9b).  The  NDMA  degradation  rate  with  reduced 
sediment  had  a  7-hour  half-life  (open  circles),  whereas  magnetite  removal  (triangles)  had  an 
8 5 -hour  NDMA  degradation  rate.  When  the  reactive  magnetite  was  added  to  a  separate  experi¬ 
ment  containing  reduced  Aerojet  sediment  (dark  circles.  Figure  4.9b),  the  NDMA  degradation 
rate  was  more  rapid  than  the  system  in  which  the  magnetite  was  removed.  Finally,  in  a  system  in 


Figure  5.1.  NDMA  degradation  in  oxie  and  reduced 
sediment  with  adsorbed  ferrous  iron  manipulation. 
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which  the  magnetite  was  removed  from  the  sediment  prior  to  dithionite  reduction,  NDMA 
degradation  was  slighly  slower  (Figure  4.9b,  X136  data),  which  is  consistent  with  the  hypothesis 
that  adsorbed  ferrous  iron  on  magnetite  was  contributing  to  NDMA  degradation  (i.e.,  magnetite 
removal  after  reduction  has  some  surface  adsorbed  ferrous  iron). 

NDMA  did  slowly  degrade  in  unaltered  2:1  smectite  clay  (montmorillonite;  Figure  4.14), 
although  this  contained  adsorbed  cations  and  also  surface  iron  oxides,  which  may  have 
contributed  to  the  degradation.  Removal  of  the  adsorbed  cations  did  not  change  the  NDMA 
degradation  rate  (half-life  528  hours),  indicating  there  was  insufficient  adsorbed  Fe^"^  (or  Mn^"^) 
to  degrade  NDMA.  Acid  treatment  of  the  clay  to  remove  some  iron  oxides  (0.5  M  HCl,  1  hour) 
or  most  of  the  iron  oxides  (1 .0  M  HCl,  200  hours)  also  did  not  change  the  NDMA  degradation 
rate  (Figure  4.15b).  Dithionite  treatment  of  the  montmorillonite  can  reduce  the  2.2%  structural 
iron  in  the  clay  (Stuck!  et  al.  1984).  Dithionite  treatment  followed  by  removal  of  adsorbed  Fe^^ 
resulted  in  the  same  degradation  rate  as  unaltered  clay,  indicating  (apparently)  any  additional 
structural  Fe(II)  was  not  reactive  with  the  NDMA. 

The  NDMA  degradation  rate  was  highly 
dependent  on  the  final  pH  (Figure  5.2b). 

Alkaline  conditions  (pH  10.6)  promoted 
the  most  rapid  NDMA  degradation,  but  pH 
adjustment  of  the  reduced  sediment  at 
pH  10.6  to  pH  9.3,  8.4,  or  7.5)  systemati¬ 
cally  decreased  the  NDMA  degradation 
rate.  The  most  likely  explanation  is  the 
FeOH'  phase  present  under  alkaline 
conditions  promotes  rapid  NDMA  degra¬ 
dation.  The  alkaline  sediment  by  itself 
does  not  promote  NDMA  degradation 
(Figure  4.4),  so  it  is  not  acting  as  a  catalyst. 

An  alternate  method  to  create  a  subsurface 
reduced  zone  in  an  aquifer  is  to  inject  zero 
valent  iron  by  high-pressure  air/water  or 
water.  Zero  valent  iron  will  create  some 
adsorbed  ferrous  iron  which  will  desorb 
onto  surrounding  sediment,  so  there  are 
geochemical  changes  that  occur  within  the 
sediment  as  a  result  of  the  zero  valent  iron  (i.e.,  the  reduced  zone  is  not  limited  to  a  small  area 
associated  just  with  the  zero  valent  iron  grains.  NDMA  appears  to  degrade  slowly  with  the 
5-micron  zero  valent  iron  (Figure  4.16),  where  only  a  few  percent  degradation  (2.5  mg/L)  is 
observed  at  four  different  iron/water  ratios.  In  contrast,  the  40-micron  Aldrich  zero  valent  iron 
(possibly  with  greater  surface  area)  is  much  more  reactive  with  NDMA.  Anaerobic  sediment 
with  zero  valent  iron  takes  a  few  hundred  hours  to  develop  reducing  conditions  (Figure  4.18). 
Alternatively,  although  the  chemically  reduced  sediment  is  initially  under  more  reducing 
conditions,  it  is  not  as  reducing  conditions  as  the  zero  valent  iron-sediment  system.  Compared  to 
reduced  Aerojet  and  Ft.  Lewis  sediment  (molar  ratio  of  ferrous  iron  to  NDMA),  the  40-micron 
zero  valent  iron  showed  roughly  the  same  or  slightly  more  rapid  degradation  rate,  with  zero 


X1 28-1 30,  136:  NDMA  Degradation  by  Red.  Sed.,  w/o  magnetite 

1.0 
0.8 
20.6 
^0.4 
0.2 
0.0 

0.1  1  time  (h)  10  100  1000 


1.0 
0.8 
o0.6 

o 

0  0.4 
0.2 
0.0 

0.01  0.1  time(h)  10  100  1000 

Figure  5.2.  NDMA  degradation  in  sediment/water 
systems  with:  a)  magnetite  removal  or  addition  and 
b)  pH  equilibration  after  reduction. 
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valent  iron  substitution  for  the  60  |xmol/g  ferrous  iron  (0.34%  ferrous  iron  per  gram  of  sediment). 
The  effectiveness  of  degradation  with  zero  valent  iron  suggests  that  this  could  act  as  an  injectible 
reductant  in  aquifer  systems. 

5.1.3  Abiotic  and  Biotic  NDMA  Degradation  Pathways 

NDMA  is  a  small  compound  that  is  relatively  stable  in  aqueous  solution  and  sorbs  minimally 
(sorption  IQ  in  the  Aerojet  sediment  is  0. 12  L/kg).  NDMA  will  degrade  abiotically  by  zero 
valent  iron  or  magnetite  under  alkaline  pH  conditions  to  DMA  or  UDMH  under  acidic  conditions 
(Odziemkowski  et  al.  2000).  It  will  biotically  degrade  by  a  separate  pathway  (Figure  5.3).  As 
described  in  the  previous  section,  NDMA  is  rapidly  abiotically  degraded  in  reduced  sediment  to 
DMA  (Figure  5.4).  NDMA  mineralization  was  also  investigated  in  this  project  under  oxic, 
anoxic,  and  reducing  conditions  with  microbial  isolates,  microbes  in  sediment,  and  purely  abiotic 
sediment  conditions  (i.e.,  addition  of  a  bactericide).  Sequential  NDMA  degradation  was 
investigated  with  initial  abiotic  degradation  of  NDMA  under  reducing  conditions  followed  by 
biodegradation  of  DMA  or  other  intermediates  under  oxic  environmental  conditions  with  the 
addition  of  various  microbial  nutrients. 


NDMA 


5.1.4  Degradation/Mineralization  in  Reduced  Sediment 

In  this  study  under  iron-reducing  conditions  created  by  dithionite  reduction  of  sediment 

(Eh  ~-200  mV,  pH  10.5),  NDMA  is  rapidly  degraded  to  DMA  (Figure  5.4).  This  reaction  occurs 

rapidly  (Figure  5.1b),  with  a  half-life  of  10  hours  to  hundreds  of  hours,  depending  on  the  ferrous 
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iron/NDMA  molar  ratio  (more  rapid  with 
greater  ferrous  iron.  Rates  quantified  in 
different  sediment/water  systems  are 
described  in  Section  5.2).  At  both  1000 
and  2000  hours,  the  NDMA  concentration 
was  below  detection  limits  (0.05  mg/L) 
and  1.1 -mg/L  (17.7  pM)  nitrate  was 
detected  (1100  hours),  and  0.4-mg/L 
nitrate  at  2000  hours  (Figure  5.4b).  It 
should  be  noted  that  nitrous  oxide  is 
suspected  to  form  under  these  alkaline 
conditions  (Figure  4.5),  but  this  was  not 
analyzed  for.  In  addition,  methylamine 
and  formaldehyde  was  not  detected, 
although  trace  concentrations  of  formate 
were  detected. 


Figure  5.4.  NDMA  degradation  products  identified  in 
reduced  sediment:  a)  dimethylamine  and  b)  various 
compounds  (composite  of  multiple  experiments). 


This  NDMA  degradation  to  DMA  by 
sediment  under  iron-reducing  conditions  is 

abiotic  (Figure  5.1b),  as  the  presence  of  a  bactericide  does  not  alter  the  observed  rate.  NDMA 
degradation  experiments  conducted  in  reduced  sediment  at  different  temperature  were  used  to 
quantify  the  activation  energy  of  the  reaction  (59  kJ/mol  for  highly  reduced  sediment,  decreasing 
to  38  kJ/mol  for  partially  reduced  sediment  (Figure  4.27).  The  NDMA  degradation  in  reduced 
sediment  was  an  exothermic  reaction,  as  the  rate  was  more  rapid  at  colder  temperature.  The 
NDMA  degradation  rate  increased  26.8%  for  every  10°C  decrease  in  temperature.  The 
degradation  rate  also  increased  19.3  times  for  every  order  of  magnitude  decrease  in  NDMA 
concentration. 


Mineralization  of  NDMA  under  iron- 
reducing  conditions  also  appears  to  be  an 
abiotic  reaction  (Figure  5.5).  The  rate  at 
which  NDMA  is  mineralized  in  the 
reduced  Aerojet  and  Ft.  Lewis  sediment  is 
a  function  of  the  ratio  of  ferrous  iron  to 
NDMA,  so  in  most  batch  experiments  (low 
sediment/water  ratio)  showed  a  relatively 
slow  CO2  (5%  to  13%  by  1000  to 
3000  hours).  However,  NDMA  minerali¬ 
zation  in  reduced  sediment  in  1-D  columns 
at  higher  sediment/water  ratios  was  more  rapid  (2.2%  at  410  hours,  6.2%  at  590  hours,  16.8%  at 
822  hours.  Figure  5.3b;  see  Section  4.4.1).  This  reactivity  was  maintained  for  84  pore  volumes, 
when  experiments  ended.  It  is  expected  that  the  reactivity  would  last  longer,  but  at  some  point, 
the  ability  of  the  reduced  sediment  to  degrade/mineralize  NDMA  would  decrease. 

Numerous  attempts  were  made  to  simulate  microbes  in  the  reduced  sediment  (Figures  4.46  and 
4.47)  with  additions  of  humic  acid,  yeast,  methane,  propane,  toluene,  acetylene,  TCE,  nitrate, 
and  glucose.  None  of  the  additions  showed  any  influence  on  the  NDMA  mineralization  rate 


Figure  5.5.  NDMA  mineralization  in  reduced  Aerojet 
sediment  with  and  without  a  bactericide. 
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(summary  in  Figure  5.6a).  Monooxygenase 
enzyme  carbon  additions  (i.e.,  propane, 
methane,  toluene.  Figure  5.6b)  were  not 
expected  to  show  any  influence,  as  oxygen  is 
also  needed  (monooxygenase  pathway  cannot 
utilize  nitrate  as  the  electron  acceptor).  The 
microbial  biomass  actually  decreased  in  the 
reduced  sediment  over  1900  hours 
(Figure  4.48d). 

The  NDMA  mineralization  rate  in  the  reduced 
sediment  was  not  a  function  of  NDMA  concen¬ 
tration  (Figure  5.7),  but  mineralization  extent 
was  related  to  NDMA  concentration.  Higher 
NDMA  concentrations  showed  lower  minerali¬ 
zation  extent  (Figure  5.7b),  which  may  simply 
be  a  function  of  insufficient  adsorbed  ferrous 

iron  to  degrade  the  NDMA  (as  this  reaction  is  presumed  to  be  abiotic).  In  one  case  (Aerojet 
sediment,  10-ppt  data.  Figure  5.7a),  a  very  low  NDMA  concentration  was  degraded  more  slowly 
than  higher  NDMA  concentrations. 


Figure  5.6.  NDMA  mineralization  in  the 
presence  of  various  carbon  additions. 


0.4- 


NDMA  Reduced  Mineralization  vs  Cone. 


0.3- 


2.5  ppm 
-250  ppb 
-1.8  ppb 
-102  ppt 
-10.2  ppt 


Aerojet  sediment 


Carbon  mass  balance  conducted  on  seven 
reduced  Aerojet  aquifer  sediment  systems 
showed  that  the  average  mineralization  at 
3000  hours  was  9.9%  ±  1.6%  (other  reduced 
sediment  systems  showed  mineralization  as 
high  as  17%).  The  average  aqueous  (i.e., 
NDMA  plus  other  aqueous  species)  carbon 
mass  was  40.2%.  The  calculated  NDMA 
sorption  to  sediment  (in  these  systems  with 
1  g  of  sediment  and  6  mL  of  water)  was  2.0% 
of  the  mass.  The  measured  NDMA  sorption 
to  sediment  and  microbes  in  these  reduced 
systems  was  0.35%  ±  2.6%  (range  0.0%  to 
4.1%),  in  contrast  to  the  2.7%  ±  4.5%  (range 
0%  to  12%)  in  comparable  oxic  systems. 

The  total  percent  carbon  (from  NDMA) 
incorporated  into  microbes  was  0.18%  ± 
2.2%,  in  contrast  to  5.7%  ±  1.3%  in  oxic 
systems.  Again,  this  could  represent  more 
limited  biomass  in  reduced  systems.  The 

total  carbon  mass  balance  in  reduced  systems  was  50.6%  ±  27.6%  in  contrast  to  80.0%  ±  15.6% 
(i.e.,  accounted  for  aqueous,  mineralized,  sorbed  to  sediment  and  microbes  and  incorporated  into 
microbes).  Clearly,  reduced  system  NDMA  degradation  pathway  is  significantly  different  from 
the  oxic  system. 


time  (h) 


Figure  5.7.  NDMA  mineralization  over  a  range  of 
NDMA  concentration  in  reduced  Aerojet  sediment 
(a)  and  reduced  Ft.  Lewis  sediment  (b). 
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Because  the  NDMA  mineralization  is  presumed  to  be  an  abiotic  reaction  in  reduced  sediment, 
NDMA  degradation  should  continue  until  it  is  all  consumed  (as  opposed  to  a  microbial  reaction 
may  exhibit  a  low  concentration  at  which  a  nutrient  is  no  longer  utilized).  To  test  this 
hypothesis,  four  *"^C-NDMA  labeled  experiments  were  conducted  in  which  *"^C-NDMA  was 
measured  over  time  down  to  parts  per  trillion  concentration  (Figure  4.49).  At  a  starting  NDMA 
concentration  of  2.5  ppm,  the  NDMA  degradation  half-life  was  102  hours.  At  a  starting  NDMA 
concentration  of  36  ppb  (highest  level  recorded  in  the  Aerojet  aquifer),  the  NDMA  degradation 
half-life  was  109  hours.  At  starting  concentrations  of  100  and  10  ppt,  NDMA  had  degraded 
below  detection  limits  (3  ppt)  by  the  first  sample  (24  hours).  This  is  a  half-life  of  4.7  hours  or 
faster. 

5.1.5  Degradation/Mineralization  in  Oxic  Sediment 

NDMA  mineralization  in  oxic  sediment  is  primarily  a  biotic  process,  as  demonstrated  by  the 
addition  of  a  bactericide  stopping  nearly  all  of  the  mineralization  (Figure  5.8a).  The  NDMA 
mineralization  rate  in  the  killed  system  (>50, 000-hour  half-life,  <2%  after  2000  hours)  was  very 
slow.  The  presence  of  oxygen  clearly  increased  NDMA  mineralization  (Figure  5.8c). 

NDMA  mineralization  in  oxic  systems  was 
presumably  by  a  monooxygenase  enzyme 
pathway,  methane-,  propane-,  and  toluene- 
monooxygenase  enzymes,  and  propane 
addition  at  specific  oxygen/propane  ratios 
(Figure  5.8b)  did  increase  the  mineralization 
rate  and  extent  a  small  amount.  Additions  of 
methane,  toluene,  and  acetylene  had  no 
influence  on  NDMA  mineralization 
(Figure  4.33).  Other  carbon  additions  (yeast, 
humic  acid,  glucose;  Figures  4.38  and  4.39) 
also  did  not  influence  NDMA  mineralization. 

Because  NDMA  is  mineralized  co-metabolically 
via  the  monooxygenase  enzyme  pathway,  it  is 
not  a  necessary  nutrient,  and  (in  general) 

NDMA  can  be  biotically  mineralized  to  very 
low  concentrations.  In  contrast,  if  NDMA 
were  biotically  mineralized  as  a  primary  sub¬ 
strate,  there  would  likely  be  a  slower  degra¬ 
dation  rate  at  a  low  concentration.  In  this 
study,  NDMA  was  biotically  mineralized  in 
oxic  Aerojet  and  Ft.  Lewis  sediment  at  concen¬ 
trations  ranging  from  25  ppm  to  2.5  ppt  starting 
concentration  (Figure  5.9a,  b).  The  microbial 
biomass  decreased  slightly  over  1900  hours  in 
these  systems  (Figure  5.9c).  There  was  generally  not  a  relationship  between  the  NDMA  oxic, 
biomineralization  rate  and  NDMA  concentration,  although  the  highest  concentration  (25  mg/L) 


Figure  5.8.  NDMA  mineralization  in  oxic 
Aerojet  sediment  with  various  additions. 
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Figure  5.9.  Relative  contribution  of  biotic  and 
abiotic  mineralization  of  NDMA. 


did  show  a  slower  mineralization  rate  and 
lower  extent,  which  could  possibly  be  caused 
by  a  toxic  effect  (although  this  was  not 
investigated). 

Although  there  was  reasonably  good  success 
mineralizing  NDMA  in  these  oxic  batch 
systems,  in  situ  bioremediation  relies  upon 
efficient  delivery  of  nutrients  to  microbes 
distributed  throughout  the  sediment.  This  is 
significantly  more  difficult  in  packed  porous 
media  (1-D  columns,  aquifer)  than  in  batch 
systems.  In  1-D  columns  with  oxygen  and 
propane  addition,  the  measured  NDMA 
mineralization  rate  was  relatively  slow  (half- 
life  2293  ±1866  hours),  or  188  times  slower 
than  previously  quantified  in  batch  systems 
(Section  4.4.2).  This  may  be  indicative  of  poor 
delivery  of  nutrients.  In  fact,  NDMA  degra¬ 
dation  is  ~10  times  or  more  rapid  in  reduced 
sediment  columns  (averaging  32. 1  ±  4.2-hour 
half-life)  relative  to  oxic  sediment  columns 
with  propane/air  injection  (averaging  309  ± 
164-hour  half-life),  and  NDMA  mineralization 


is  most  rapid  in  the  reduced  sediment  (half-life  410  ±  147  hours),  compared  to  oxic  sediment 
with  propane/air  addition  (half-life  2293  ±  1866  hours). 


For  10  oxic  systems  in  which  the  mass  balance  for  NDMA  mineralization  (at  3000  hours) 
was  conducted,  the  average  mineralization  was  51.0%  ±  1 1.5%  and  average  aqueous  concen¬ 
tration  of  17.8%  ±12.4%.  Based  on  the  previously  defined  NDMA  sorption  parameter  (Ka)  of 
0.12  mL/g,  there  should  be  2.0%  of  the  NDMA  mass  sorbed  on  the  sediment  surface  at  the 
sediment/water  ratio  used  in  these  experiments  (1  g  to  6  mL).  The  total  measured  sorption  (i.e., 
sorbed  to  sediment  and  microbes,  extracted  with  methanol)  in  these  oxic  systems  was  2.7%  ± 
4.5%,  indicating  maybe  0.7%  of  the  NDMA  mass  was  likely  sorbed  to  the  microbial  surface.  An 
average  of  5.7%  ±  1.3%  of  the  NDMA  carbon  mass  was  measured  as  incorporated  into  the 
microbes  (subtracting  out  the  sorbed  mass).  Overall,  these  oxic  systems  had  a  total  carbon  mass 
balance  of  80.0%  ±  15.6%. 


5.1.6  Degradation/Mineralization  by  Sediment  Microbial  Isolates 

Initial  experiments  conducted  with  bacterial  isolates  found  a  number  of  bacteria  that  mineralize 
2  5 -ppm  NDMA  in  an  oxic  aqueous  environment  when  using  this  compound  as  a  source  of 
carbon  and  nitrogen  for  growth.  Further  investigation  demonstrated  that  Gordonia  sp.  KTR9  and 
Gordonia  desulfuricans  did  not  appear  to  grow  on  NDMA  as  a  nitrogen  source  or  a  nitrogen  and 
carbon  source  (Figure  4.40).  However,  both  microbes  mineralized  NDMA  to  ~24%  and  55% 
carbon  dioxide,  respectively,  when  NDMA  was  supplied  as  the  nitrogen  and  carbon  source  for 
growth  (Table  4.4).  It  should  be  noted  that  these  microbial  isolates  had  not  been  treated  to 
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remove  traces  of  the  culture  medium.  Experiments  repeated  with  washed  cells  to  more  traces  of 
the  medium  showed  mineralization  of  NDMA  to  ~20%  carbon  dioxide  was  only  observed  when 
NDMA  was  added  as  the  sole  nitrogen  source  (Figure  4.41).  It  is  not  clear  why  NDMA  was  not 
mineralized  when  added  as  a  carbon  or  carbon  plus  nitrogen  source.  The  absence  of  growth  in 
the  degradation  experiments  appears  to  support  the  co-metabolic  transformation  and  minerali¬ 
zation  of  NDMA  by  both  strains.  Degradation  of  NDMA  by  a  co-metabolic  process  was  recently 
shown  to  occur  in  Pseudomonas  mendocina  KRl  (Fournier  et  al.  2006). 

In  a  second  mineralization  assay  (Table  4.5),  10-ppm  NDM  was  mineralized  in  an  oxic,  aqueous 
environment  by  several  Gordonia  and  Williamsia  bacterial  species  that  had  been  grown  on 
glucose,  glycerol,  and  succinate  as  carbon  sources  and  nitrate  as  the  nitrogen  source  (details  in 
Figures  4.42  and  4.43).  The  maximum  amount  of  NDMA  mineralized  ranged  from  about  3.3% 
to  72.5%  depending  on  the  species  and  type  of  nutrient  amendment.  In  general,  the  presence  of 
an  added  carbon  source  stimulated  the  mineralization  of  NDMA.  In  comparison,  the  presence  of 
an  added  nitrogen  source  inhibited  the  extent  of  mineralization  and  the  rate  of  mineralization  for 
G.  amarae,  G.  alkanivorans,  G.  desulfuricans,  G.  nitida,  G.  rubripertincta,  and  KTR4 
(Figures  4.42  and  4.43). 

Mixed  microbial  populations  indigenous  to 
groundwater  from  Rocky  Mountain  Arsenal 
and  soil  from  the  Aerojet  facility  mineralized 
NDMA  under  similar  conditions  as  used  with 
the  bacterial  cultures.  With  these  materials  the 
maximum  amount  of  NDMA  mineralized  was 
~20%  under  either  aerobic  (Figure  5.10)  or 
anaerobic  conditions  (Figure  4.45).  The 
addition  of  a  nitrogen  amendment  tended  to 
decrease  the  extent  and  rate  of  mineralization, 
while  the  carbon  amendment  had  either  no 
effect  or  stimulated  the  extent  of  minerali¬ 
zation.  These  experiments  also  indicated  that 
NDMA  biotransformation  by  microorganisms 
was  possible  without  stimulation  of  monooxy¬ 
genase  enzymes  using  substrates  such  as 
methane,  propane,  or  toluene.  This  implies 
that  NDMA  mineralization  under  aerobic  and 
anaerobic  conditions  is  proceeding  by  an  unidentified  microbial  pathway.  However,  the  rate  of 
degradation  of  NDMA  following  propane  or  toluene  stimulation  in  strains  Rhodococcus  jostii 
RHAl  and  Pseudomonas  mendocina  RKl  was  considerably  faster  (Fournier  et  al.  2006;  Sharp 
et  al.  2007)  than  the  constitutive  rate  observed  in  this  study. 

5.1.7  Degradation/Mineralization  in  Sequential  Reduced,  then  Oxic  Sediment 

It  was  initially  hypothesized  that  because  NDMA  can  be  rapidly  degraded  to  intermediates  (half- 
life  2  to  10  hours)  in  reduced  sediment  (abiotic  process),  a  sequential  treatment  system  of  a 
reducing  environment  followed  by  a  downgradient  oxic,  biostimulation  zone  may  be  the  most 
rapid  treatment  process.  An  approximation  of  sequential  reduction,  then  downgradient  oxidation 


Figure  5.10.  Aerobic  mineralization  of  [’"'C]- 
NDMA  to  '"^C02  by  Aerojet  sediment  in  the 
absence  (MSM  ■  )  or  presence  of  a  nitrogen 
(MSM  +  KNO3  A)  or  carbon  amendment  (MSM 
+  Carbon  T  ). 
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in  batch  systems  was  accomplished  by  NDMA  mineralization  for  1,000  hours  in  reduced  Aerojet 
sediment,  removal  of  the  aqueous  solution,  and  placing  it  in  oxic  sediment.  The  subsequent 
oxidation  for  2100  hours  resulted  in  some  additional  mineralization  for  propane  addition 
(Figure  4.53a),  but  little  influence  of  additions  of  yeast  and  humic  acid.  In  addition,  the 
mineralization  rate  and  extent  was  actually  slower  and  less  than  in  purely  oxic  systems. 


More  field-realistic  sequential  reduced-oxic  systems  were 
conducted  in  1-D  columns,  with  addition  of  propane/air 
between  the  upgradient  reduced  column  and  downgradient 
oxic  sediment  column  (Figure  4.55).  NDMA  degradation 
and  mineralization  in  sequential  reduced/oxic  column 
systems  was  characterized  in  nine  experiments  with  a  range 
of  residence  times  and  a  range  of  differences  in  residence 
time  between  the  reduced  and  oxic  sediment  columns. 
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Figure  5.11.  NDMA  degradation 
and  mineralization  rates  in  reduced, 
oxic,  and  sequential  1-D  columns. 


NDMA  degradation  in  the  sequential  reduced-oxic  sediment 
systems  (Figure  5.11a)  was  slightly  (2  times)  more  rapid 
(17.2  ±  14.5-hour  half-life)  than  reduced  sediment  alone 
(32.1  ±  4.2  hours),  as  caused  by  the  (inefficient  and  slow) 
downgradient  biodegradation  in  the  oxic  sediment  column 
(Szecsody  et  al.  2008a).  NDMA  mineralization  rates  in 
the  sequential  reduced-oxic  sediment  systems  (3180  ± 

1094  hours)  were  slightly  (40%)  slower  than  in  the  oxic 
columns  (2293  ±  1866  hours;  Figure  5.1  lb).  Both  these 
data  sets  indicate  sequential  degradation  was  inefficient, 
caused  either  by  NDMA  degradation  intermediates  from  the 
upgradient  reduced  column  not  being  biodegraded  as  easily 
as  NDMA  itself  and/or  removal  of  dissolved  oxygen  from 


the  water  that  is  injected  into  the  down  gradient  oxic  column  (with  air/propane)  was  not 
efficiently  maintaining  an  oxic  environment. 


5.2  NDMA  Degradation/Mineralization  Rates 

NDMA  degradation  rates  quantified  in  experiments  are  listed  in  Table  5.1.  NDMA  can  be 
degraded  rapidly  in  reduced  sediment  (as  rapid  as  a  3-hour  half-life).  NDMA  degradation 
increased  with  the  ratio  of  ferrous  iron  to  NDMA  in  various  sediment/water  systems,  and  the  rate 
of  NDMA  degradation  was  predictable  from  the  intrinsic  NDMA  degradation  half-life  and  this 
ferrous  iron/NDMA  ratio  (Figure  5.12a).  NDMA  degradation  rates  observed  in  batch  experi¬ 
mental  systems  were  slow  (hundreds  to  thousands  of  hours),  but  more  rapid  in  column  systems 
(tens  of  hours)  because  of  a  higher  ferrous  iron/NDMA  ratio  in  columns.  Rates  observed  in 
columns  (Table  5.1)  that  are  <200  hours  are  viable  for  field-scale  remediation.  NDMA  at  100 
and  10  ppt  (Figure  4.49),  were  rapidly  degraded  (<4. 7-hour  half-life),  NDMA  degraded  so  fast,  it 
could  not  be  accurately  measured. 

The  NDMA  removal  rate  was  most  rapid  in  reduced  Aerojet  sediment  (Figure  5.12b,  batch  = 
solid  green  squares,  1-D  columns  =  open  green  squares).  Rates  in  oxic  sediment  were  2  to 
3  orders  of  magnitude  slower.  Rates  in  zero  valent  iron/sediment  mixtures  varied  with  the  zero 
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valent  iron  type,  but  were  almost  as  rapid  as  the  reduced  sediment.  Rates  in  2: 1  smectite  clays 
were  measurable,  but  2  to  3  orders  of  magnitude  slower  than  reduced  sediment,  indicating 
adsorbed  ferrous  iron  on  iron  oxides/clays  at  pH  10  (some  FeOH'  present)  was  very  efficient  at 
degrading  NDMA. 


Table  5.1.  NDMA  degradation  rates  observed  in  experiments. 


- —  NDMA  degradation  - — 

—  NDMA  mass  removal  rates 

pseudo  f-O-  rate 

intrinsic 

mass 

mass 

mass  flu*  3 

exp. 

NDMA 

HaO 

NDMA 

sed. 

FeZ-4-  molar  ratio 

half-life 

!  kt 

kf 

flux  1 

flux  2 

mol  ndma/ 

name  syetem 

(mg/L) 

(g) 

(mQl) 

(9) 

(mol)  Fe/NDMA 

(h) 

(1/h) 

(l/h  mpl^) 

lUDl  NDMA41 

rrml/^day 

mol  F^d 

pH  7.  fluotBScent  lighr 

2.5 

no  degradation  - ; 

Stable 

xiia 

pH  8  1,  UV  light  (30w  UVC,  30  cm) 

2.5 

10 

3.37E-07 

361 

1.92E-03 

0.1M  dithionlte 

5.27 

60 

4  27  E  06 

2.51 

0.276 

0.  IM  fiithinnite 

2.30 

10 

3  IE-07 

230 

3  01E-03 

reducing  {0  to  -  0.2  v) 

2.60 

no  degradation  - ; 

stable 

acidic  (pH  =  2.0} 

2.30 

6 

1  aoE-o? 

2540 

273E-04 

X95  basic  (pH  7.0,8. 1 , 9  0.  1 0.0.  11.0) 

2.60 

no  degradation  to  1 000  h  -  stable 

pH  (4  to  12) 

2.30 

no  degradation  - ; 

stable 

bacterial  ieolates/Water 

CFUAnL 

(1/h  mol  cfii 

I 

Gordonia  sp.  KTR9  (C  +  N  addilien) 

25.0 

6.0 

2.02E-06 

S.OE+Oa 

52.3 

1.31  E-03 

1  30E-05 

2.06E-Oe 

Gordonia  sp.  KTR9  [N  addition) 

2S.0 

6.0 

2O2E-0B 

5.0E+0a 

GS.3 

1.06E-02 

1  O5E-0S 

2.1SE-06 

WiStiamsia  sp.  KTR4  (C+N  addition) 

25.0 

6.0 

2.02E-06 

5.0E+08 

67.5 

1  03E-02 

1.01E-05 

2.0eE-08 

WitfiafTisfa  sp.  KTR4  (N  additKjn) 

25.0 

6.0 

2.62E-06 

5.0E+68 

79.2 

8.75E-63 

6.64E-06 

1.77E-O0 

mineral/Waler  systems 

Silica,  Ai203 

2.5 

no  degradation  - 1 

Stable 

magnetite  (ground) 

2.5 

no  degradation  - 1 

stable 

biolile  (ground) 

2.S 

no  degradalion  - ; 

stable 

kaolinite  (ackJ  washed) 

2.5 

no  degradation  - : 

stable 

illite  (acid  washed) 

2,5 

no  degradation  - ; 

stable 

nonironito  (acid  washed) 

2.5 

no  degradation  - 1 

stable 

heclcrile  (acid  washed) 

2.5 

no  degradalion  - ; 

stable 

rTtoninnoriliin.iTe  (a.  w.) 

2.5 

no  degradation  - ; 

stable 

montmorilionite 

2.5 

50 

1  68F-07 

0.25 

a95F-65  5  31F+02 
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1S1F-03 

S69F+07 

2.22F-10 

213F-06 

5  94F.05 

reduced  montmorii  ionite 

2.5 

5.0 

1.6SE'07 

0.26 

e.S5E‘05  5.31  E+02 

626 

1.31  E-03 

a.6SE407 

2.22E-10 

2.13E-03 

6.94E-05 

red.  mont.,  no  ads  Fe[ll) 

2.5 

SO 

1  BflE-O? 

0.25 

0.9SE-OS  S  31  E+02 

430 

1  44E-a3 

9S6E+07 

2.44E-10 

2  34E-08 

e.S3E-05 

red.  niont.+  i  h  HCI 

2.5 

50 

1  68E-07 

0.25 

e.96E-05  5  31  E+02 

340 

2.04E-03 

1  36E+03 

3.44E-10 

3.30E-03 

8.22E-05 

red.  rnont.+  200  h  HCI 

2.5 

50 

1  e9E-07 

8.25 

8.95E-05  5  31  E+02 

278 

2.49E-03 

1  S5E+08 

4.21  E-10 

4.04E-0fl 

1.13E-04 

zero  valent/water 

H-200,  5-micron 

2.5 

50 

1  52E-06 

0.1 

1.79E-02  1  18E+04 

1700 

408E-04 

1  50E+04 

6.19E-tO 

L48E-07 

8.30E-07 

H-200,  P-micron 

2.3 

5.0 

1.24E-06 

0.1 

r.l6E-62  &.77E+C4 

4500 

1-54E-04 

1.73e+03 

1.81  E-10 

4,tj8E-0& 

6.41  E-06 

H-200,  S-micron 

25 

50 

1  35E-05 

7.16E-02  5  31E+03 

none 

Aldrich,  40-micrQn 

2.5 

5.0 

1.69E-07 

1.0 

1.78E-02  1.Q6E+05 

6.82 

1.02E-01 

3.36E407 

1.71E-08 

4.12E-07 

2.3OE-05 

Aldrich,  40- micron 

2.5 

5.0 

1.69E-07 

0.2 

3.58E-63  2.12E+04 

26.57 

2.61  E-02 

4.32E+07 

4.40E-09 

5.28E-07 

2.95E05 

Aldrich,  40'micron 

2.5 

5.0 

1.6SE-07 

0.06 

1.07E'63  6.37E+03 

120.4 

5.76E-63 

3.iee+07 

9.72E-10 

3.896-07 

2.17E-05 

Aldrich,  40-micnon 

2.5 

50 

1  68E-07 

0.02 

3.S8E-04  212E+03 

131 

5.29E-03 

a7eE+07 

8.93E-10 

1.O7E-0B 

S.9aE-05 

Aldrich,  40-micron 

2.3 

5.0 

1  24E-06 

0.01 

4.30E-D2  3  46E+04 

120 

5.7SE-03 

1  oeE+os 

7.17E-Q9 

2.S7E-0S 

4.01  E-06 

Aldrich,  40-micron 

25 

5  0 

1  35E-05 

0.06 

4.30E-02  318E+03 

432 

1.60E-03 

2  77E+03 

2.17E-0e 

8.66E-06 

1.21  E-05 

sediment/water,  batch,  22C 

reduced  Ft  Lewi®  sed. 

25.0 

30 

1  01  E-06 

1.15 

1.36E-64  f  B6E+01 

0690 

8.57E-05 

4  48E+04 

e.69E-ia 

1.76E-06 

1.11E-a4 

reduced  Fi  Lewi$  sed 

25.0 

32 

1  08E  06 

8.22 

1.47E-03  1  35E+02 

2700 

2.57E-04 

1  61 E+04 

2.80E-09 

7.2SE  09 

4.58E  05 

reduced  FI  Lewis  sed. 

0.72 

30 

2.8E-07 

0.89 

1.SSE-64  5  44E+02 

none 

reduced  Ft  Lewis  sed. 

0.72 

32 

3.09E-07 

9.57 

1.S2E-63  4.92E+03 

263 

0.00341 

7.24E406 

1.0&E-09 

2.64E-08 

1.S6E-05 

reduced  Ft  Lewis  sed. 

25 

1.6 

6.16E-07 

1.91 

3.04E-64  4.90E+02 

2000 

0.00635 

1.B7E+06 

2.16E-10 

2,716-09 

1.706-05 

reduced  Fl  Lewis  sed. 

2.5 

2.2 

7.&5E-08 

1.52 

2.42E'64  3.20E+03 

380 

0.00182 

9.97E+07 

1.37E-10 

2.176-09 

1.37605 

reduced  Fl  Lewis  sed. 

0.2S 

2.3 

7.7flE-08 

1.54 

2.44E-04  3  14E+04 

66 

0.0105 

S.S3E+08 

8.16E-11 

1.28E-08 

3.03E  00 

reduced  Ft  Lewis  sed. 

2.5 

10 

3.37E-07 

1.52 

6.68E-04  1.9flE+03 

830 

e.3SE-04 

3.71E+06 

2.82E-10 

4.45E-08 

1 .01  E-05 

red.Fl  Lewis,  no  ads.  Fe(ll) 

2.5 

10 

3  37E-07 

1.52 

6.68E'64  1  96E+03 

830 

8.35E-04 

3  71E+06 

2.82E-10 

4.45E-08 

1.01  E-05 

red. Ft  Lewis  +  1  h  HCl 

2.5 

10 

337E-07 

1.52 

6.68E04  19BE+03 

540 

1  28E-03 

5  70E+06 

4.33E-10 

6.e4E-09 

1.56E  05 

red. Ft  Lewis  200  h  HCI 

2.5 

10 

3  37E-07 

1.53 

6-6SE.04  19eE+03 

2020 

3-43E.04 

1  62E+06 

1.16E-10 

1.636-09 

4.166-06 

reduced  Aerojei  sed. 

5.34 

58 

4.23E-G6 

192 

7.67E-03  1.61E+03 

447 

1.55E-03 

2.5eE+04 

6.56E^ 

8.21  E-10 

2.05E-05 

reduced  Aerqet  sed. 

5.34 

58 

4  23E-06 

192 

7.e7E-03  1B1E+03 

none 

reduced  Aeroiel  sed. 

0.036 

220 

1  07E  07 

70S 

7.05E  03  6  61E+04 

(14)* 

0.0496 

B.90E+06 

5.29E-09 

l.flOE  10 

1.80E  05 

reduced  Aerojet  sed- 

0.036 

226 

l,07;E-07 

705 

7.05E-63  6  6ie+04 

(45.1)* 

0.0154 

2.76E+06 

1.64E-09 

5  596-11 

5.59  E-06 

reduced  Aerojet  sed. 

0.036 

226 

1.07e  07 

705 

7.05E  63  6.61  E+04 

(iwr 

0.0059 

1.06E+O6 

6.29E-10 

2,146-11 

2.  HE  06 

reduced  Aerojet  sod. 

0.036 

230 

1  07E-07 

705 

7.05E-63  6.61  E+04 

(338)* 

0.0021 

3.77E405 

2.24E-10 

7.63E-12 

7.S3E07 

reduced  Aerejet  sed. 

5.00 

S3 

3S7E-06 

loe 

7.e2E-03  2  22E+03 

264 

0.00262 

5 01 E+04 

9.34  E-00 

1.13E-08 

2.S3E-05 

reduced  Aert^et  sed- 

5-00 

53 

3  57F-06 

196 

7.92F-63  2  22F+03 

none 

reduced  Aerojet  sed. 

4.74 

1.7 

I.IE'07 

6.99 

2.80E-64  2.54E+03 

173 

0,00401 

7.03E407 

4.41  E-10 

1.526-09 

3.796-05 

reduced  Aerojet  sod. 

0.036 

67 

3  27E-03 

190 

3.03E-02  9  27E+05 

16.3 

0.044 

9.54E+07 

1.44E-09 

1.S1E-10 

1.1 4  E-06 

reduced  Aerojet  sed. 

0.036 

67 

3  27E08 

190 

3.03E  02  9  27E+0S 

10.7 

0.066 

1  41E+0S 

2.12EHD9 

2.6aE  10 

1.S8E06 

W120 

red.  Aerojet  s.(di/Fe=2&,W2i  )stop  flow 

2.5 

50 

1  68E-07 

33 

2.22E-04  1  32E+03 

1273 

5.45E-04 

1  45E+07 

8.19E-11 

e-66E-11 

8.83E-0e 

W121 

red.  Aerojei  s.(diyFe=26,W21  )stop  flow 

0.91 

50 

6  14E-08 

33 

2.22E-64  3  61E+03 

2122 

3,27E-04 

2VI0E+O7 

2.01  E-11 

i.4eE-ii 

2.17E-0e 

si2a 

red.  Aerojet  s.(diiFe=2S,pH  10.5,  Xgi) 

OOOOCiiO 

to 

1.35E-13 

5.0 

2.00E-64  f  469+03 

4.7 

1  47E-01 

5.46E+14 

1.89E-13 

9.56E-13 

2.59  E-08 

8130 

red  Aerojei  s.(di^Fe=2S,pH  lO.b,  X3i) 

0  00010 

10 

1  35E-1 1 

5.0 

2.00E  64  1  48E+07 

4.7 

1,47E-01 

5  46E+13 

1.99E-12 

a56E  12 

2.39  E  07 

S131 

red.  Aerojei  s.(di/Fe=26,pH  10,5,  X91) 

0.036 

10 

4.36E-09 

5.0 

2.00e-64  4.12E+04 

109 

e,36E-03 

6.&4e+08 

3.09E-11 

1,436-10 

3.71  E-06 

S132 

red.  Aerojei  s.(diyFe=2S,pH  10.5,  X91) 

2.51 

10 

3  3aE-07 

5.0 

2.00E-04  5  90E+02 

102 

6.e0E-03 

1  OOE+08 

2.30E-09 

1.11  E-03 

2.76E-04 

5.11 


Table  5.1.  (contd) 


—  MDMA  degradation  — 

—  MDMA  mass  removal  rates 

pseudo  f.o.  rate  intrinsic  ra 

mass 

mass 

mass  (lux  3 

MDMA 

HlO 

MDMA 

sad. 

Fa2-i-  molar  ratio  half-life 

kf  kf 

flux  1 

flux  2 

mol  ndmaf 

name  ayatem 

(mgA.) 

(g) 

(mol) 

(g) 

(mol)  Fe/NDMA 

(1/h)  (l/h  mol*) 

mol  NDMAAi 

mol/^dBy 

mal  F«^d 

chcmfcalTy  modiff&d  scdlmem/Water,  batch,  22C 

X100  red.Afir0jets.{di/Fe=26,pH1O.5.X91) 

2.5 

10 

3.37E-07 

5.0 

2.00E-04  5.93E+02 

7.1 

9.76E-02  1.45EhK39 

3.29E-<Je 

1.58E-07 

3.95E-03 

X1 01  red  Aerojet  s4di/Fe=2S,pH  7  5.  w21 ) 

2.5 

10 

3  37E-07 

5.0 

2.00E-04  5  9aE+02 

320 

2  17E-D3  3  21E407 

7.31  E-10 

3  51 E-09 

S.77E-05 

XI 02  ned  Aerojet  s.(di/Fe=26,pH  10.5),  no  ItghI 

2.5 

10 

337E-07 

5.0 

2.00E-04  5  93E+02 

6.6 

1.05E-01  1  56E'hO0 

3.54E-08 

1.70E-07 

4.25E-03 

XI  02b  red.  Aerojet  3.(di/Fe=26.pH  10.5),  UV  lighi 

2.5 

10 

3.37  E-07 

5.0 

2.00E-04  593E-h02 

7.6 

0  12E-O2  136E-HO0 

3.08E-08 

1.4aE-07 

3.69  E  03 

X103  red  Aerojet  s.(di/Fe=3,pH  9.9,  X93) 

2.5 

10 

3  37E-07 

5.0 

2.00E-04  5  9aE+02 

14.8 

4  6aE-02  6  94E+03 

1.58E-0e 

7.59E-08 

1.90E-03 

XI 04  red  Aerojel  s.{di/Fe=1  ,pH  9.2,  X94) 

2.5 

10 

3  37E-07 

5.0 

2.00E-04  5  93E+02 

265 

2  62E-03  3  8eE+07 

e.e3E-io 

4.24E-09 

i.06E-04 

Xi05  red  Ft  Uwis  s  (dL/Fe=i  ,pH  9.3,  X9e) 

2.5 

10 

337E-07 

5.0 

e.OOE  04  5  93E+02 

594 

1.17E-03  1  73E+07 

3.94E-10 

i.aoEoo 

4.73E  05 

X 1 06  red.  Aerojet  s,(di/Fe=2S,  X9 1 J  to  9.35 

2.5 

10 

3.37E-07 

5.0 

2.00E-04  b.93E+Q2 

378 

l.eSE-Oa  2.72E'r07 

e.19E-10 

2.97E-09 

7.43E-05 

X107  red.  Aerojet  a.(dl/Fe=26.  Xgi)  pH  to  B.43 

2.S 

10 

3  37  E  07 

5.0 

2.00E  04  5  03E^2 

3920 

1.77E  04  2  62E40S 

5.07E  11 

2.66E  10 

7.16E-06 

X1 03  red.  Aerojet  s,(di/Fe=25.  X9 1 )  pH  to  7,50 

2,5 

10 

3.37E-07 

5.0 

£,00E  04  5.93E-r02 

12000 

5,78E  05  &.56E-r05 

1.95E-11 

9,36E  11 

2.34  E  00 

XI 09  anaer.  Aerojel  sed.{lg)+O.OOl  FeS,pH  &.5 

2.5 

10 

3.37F-07 

1.096 

4.02F05  1  19F+0? 

none  (to  900  h) 

X1 1 0  anae  r.  Aerojet  sed  .(1  g)+0.0 1  FeS.pH  0 .5 

2.5 

10 

3.37E-07 

1.05 

4.20E'05  1.24E+02 

none  (to  900  h) 

Xl  1 1  aaae  r.  Aerojet  eed  .{1  g)+0.1  FeS.pH  6.S 

2.5 

10 

3.37E-07 

1.1 

4.4OE-05  1.30E-I-02 

none  (to  900  h) 

X112  anaer.  Aer£]jelsed.(1g)+0.001FeS2.pH8.5 

2.5 

10 

3  37E-07 

1.005 

4.02E-05  119E-K32 

none  (to  900  h) 

X113  anaer.Aerojelsed.{1g)+0.01FeS2,pH8.5 

2.5 

10 

3.37E-07 

1.05 

4.2t)E'0&  1.24E-h0a 

none  (to  900  h) 

X114  anaer.  Aeriojeised.{lg)+0.1FeS2,pHe.& 

2.5 

10 

3.37E-07 

1.1 

4.4OE-05  1.30E+02 

none  (to  000  h) 

X1 20  red  Aero.  5  (d  iA^e=26)pH  1C.S  >9.4->1 0  5 

2.5 

10 

3  37b-07 

5.0 

2.00E-04  59gb+02 

550 

124E-03  1  04fc4O7 

4.19t-10 

2.01  b-09 

6.03b-05 

X 12 1  red  Acro.  &  (di/Fp=26)pH  10.5  >e.5->l  0  5 

2.5 

10 

3  37E-07 

5.0 

2.00E-04  503E402 

698 

9.93E-04  1  47E407 

3.35E-I0 

1.61  E-09 

4.02E-05 

XI 22  red  Aero.  &  (di>F0=26)pH  1Ci.6-^7.e->10  5 

2.5 

10 

337E-07 

5.0 

e.OOE-04  b9(3E+02 

2100 

3.30E.04  4  89E+06 

1.11  E-10 

6.36E-10 

1.34E.05 

XI 23  red.  Aero.  s.(di/Fe=2)6)pH  10.5,  Fe2+  gone 

2.5 

10 

3.37E-07 

5.0 

2.00E-04  5.93E-H02 

117 

5.92E-03  &.78E-t07 

2.00E-09 

9.60E-09 

2.40  E  04 

X124  red.  Aero.  s.(diJFe=26)pHl0.5.  Fe[(l/lll)rem. 

2.5 

10 

3  37E-07 

5.0 

2.00E-04  5g3E+02 

1085 

6  39E-04  9  47E+06 

2.16E-10 

1.O3E-09 

2.59  E-05 

XI 25  red.  Aero.  5.(di^e=26)pH  10.5,  am.FelilIrgm. 

2.5 

10 

3.37E-07 

5.0 

2.00E-04  5  93E+02 

1900 

3  65E-04  5  41E+06 

1.23E-10 

5.91  E-10 

i.48E-05 

X126  red.  Aero.  s.(di/Fe=26)pH  10.5,  COSgone 

2.5 

10 

337F-07 

5.0 

2.00F-04  5  93F+0? 

11 

e  30F-02  9  34F+08 

2.13FH98 

1.02F-07 

2.55F-03 

X 127  re<l  Aero  .s  (di^e=2fi)pH  10.5,  DMA  ;inal. 

2.5 

to 

337E-07 

1.0 

4.mE-C)6  1  19E+CI2 

190 

3.65E-n3  2  7(]E+nR 

1 .23E-Wi 

2  9SE-06 

7.3flE'04 

Xl2a  red  Aero.^diA=e=26)pH  10.5.  magnetite  rem. 

2.S 

10 

3.37E-07 

4.75 

1.90E-04  S.63E-i4)2 

105 

6.60E-03  1  03E408 

2.23E-09 

i.i3E-oa 

2.81  E-04 

XI 29  red.  Aero.(di4=s=26)pH  10.5,-i-  magnelile 

2.5 

10 

3  37E.07 

5.25 

2.10E-04  S  22E+02 

25 

2.77E-02  3  91E-h08 

9.3SE-09 

4.28E.0a 

1 .07E-03 

X130  red.  Aero.  s.(di4=e=26)pH  10.5  4  O.I9  FeS2 

2.5 

10 

3.37E-07 

5.1 

2.04E-04  6.04E+Q2 

120 

5.78E-03  8.3SE407 

1.05E-O9 

9.17E-09 

2.29E04 

Xl  31  anae I.  Aerojet  sed  .(1  g),  pH  12 

2.5 

10 

3.37e-07 

1.1 

4.4OE-05  1.30E+02 

none  (to  900  h) 

X132  anae  r.  Aerojelsed.{1g),pH1 1.7,  +  FeGl2 

2.5 

10 

3.37E-07 

1.1 

4.40E-05  1.30E+02 

none  (to  900  h) 

XI 33  red  Aero,  e  (di/Fe^6)pH  10.5 

2.5 

10 

337E-07 

1.0 

4.00E-0S  1  19E402 

216 

3.21  E-03  2  38E40S 

1  .OaE-619 

260E-03 

6.SOE-04 

XI 34  red.  Aero.  s.(di/Fe=26)pH  9.43,  Fe24  gone 

2.5 

10 

3.37  E-07 

1.0 

4.00E-05  1.19£-r02 

81 

e.56E-03  6.34E-r08 

2.89E-09 

6.93E-08 

1.73  E-03 

X136  Aero  sed  -  mag.,  red  (di/Fe=2,  pH  10.5) 

2.5 

10 

337E-07 

2.5 

1.00E-04  2.96E-I-02 

30.1 

2  30E-03  6  9£E^8 

7.77E-0Q 

7.46E-0a 

1.87E  03 

X143  red.  Aero.fdi4^e=25)pH  10-5,Fe24  10.04  pMol 

2.5 

10 

3.37E-G7 

1.0 

4.40E-05  1  30E-H02 

6.03 

ri6E-01  7  74E+09 

3.eeE^)8 

9.31  E  07 

2.12E  02 

X149  red.  Aero.Cdi/Fe--26)pH  10.5|Fe24  25.14  eMel 

2.5 

10 

3. 37  E-07 

1.0 

5.00E05  1.48E+02 

4.00 

1.73E01  1.03E+10 

5.e5E-08 

1.40E  06 

2.31  E-02 

XI 50  red  Aefo.{di/Fe=2R)pH  1 0  5,Fe2+  50.25  u  Mnl 

2.5 

10 

337E-07 

1.0 

e.COE-Db  1  78E+02 

3.02 

2.30E-01  1  13E+10 

7.75E-D8 

l.afiE-OS 

3.106-02 

X 1 5 1  red.  Aero.{di/Fe=26)pH  1 0. 5,  Fe24  1 00.03  uMol 

2.5 

10 

3.37 E  07 

1.0 

e.OOE  0&  2.37E+02 

16.03 

4.52E  02  1.60E409 

1.46E-08 

3.50E  07 

4.38  E  03 

XT 52  red  Aero.(di/Fe=26)pH  10.S,Fe24  -  <1D  uMol 

2.5 

10 

337E-07 

1.0 

3.60E-05  107E-m2 

1071 

3.52E-04  2  90E-m7 

1.19E-10 

2.65E-09 

7.91  E-05 

X1 53  red.  A9ro.(di;Fe=26)pH  1 0,5,  Fe24  -  30  uMol 

2,5 

10 

3. 37  E-07 

1.0 

2,e0E-05  8.30E-H01 

1341 

5,17E-04  5.47E+07 

1.74E-10 

4,19E-09 

1.50E-04 

XI 54  red.  Aero.  tdi/Fe^26)pH  1 0.5,  Fe24  -  30  uMol 

2.5 

10 

3.37E’07 

1.0 

2.e0E'05  8.30E+01 

745 

9.30E-04  9.85e407 

3.14E'10 

7,54E-09 

2.60  E  04 

XI 55  red.  Aero.  (dLfFe=26)pH  10.5,Fe2+  70  uMol 

2.5 

10 

3. 37  E-07 

1.0 

1.20E-05  3.56E+01 

2606 

2,40E-04  5.9(3E407 

8.1  IE-11 

1.05E-O9 

1 .62E-04 

sedtmentAvater,  1-D  column  (high  sedlrnem/Water  ratio),  variables: 

fraction  reduction,  temperature,  flow  rate  (residence  time) 

W9S  1-D,  red.  Fe  Lewis  sad  (di/Fe  =  4) 

2.5 

6.3 

213E-07 

34.6 

2.22E-04  1  04E+CI3 

79.9 

e.6aE-03  1  a4E4£i8 

1.84Ew09 

1.98E-09 

1.99E^04 

W97  I'D,  red.  Fe  Lewis  sed  (di^e  =  4) 

2.5 

13 

4. 25  E-07 

55.4 

2.22E'04  5.22E+02 

94.8 

7.31  E-03  7.7ijE-t07 

3.11  E-OS 

1.35E-09 

3.36E-04 

WOfl  1  -n,  red  Fc  1  ewis  sed  (di/Fc  =  4) 

75 

6.3 

2  13F-07 

346 

2  22F04  1  04F+03 

1?6  1 

5  50F-03  1  18F+0S 

1  17F-69 

61  OF- 10 

1  ?6F  04 

W99  I'D,  red.  Fe  Lewis,  wd  (dl'F'e  =  4) 

2.5 

13 

4. 25  E-07 

55.4 

2.22E-04  5.22E+02 

162.4 

4.Z7E-03  4.5ZE+07 

1.01E-O9 

7.87E-10 

1.96E-04 

WlOO  1-D.  red  Ft  Lewis  Red.(tli/Fe=12) 

2.44 

63 

2  08  E-07 

30.3 

1.11E-03  535E+03 

75.9 

9  13E-03  3  96E+07 

I.OOEHM 

1.50E-09 

4.10E-05 

W101  1-D,  red  Ft  Lewis  3ed.(di/Fe=l2) 

2.76 

6.3 

2. 36  E-07 

30.3 

1.1  IE-03  4.70E+03 

146.3 

4  94E-03  1  88E+07 

1.17E-09 

9.26E-10 

2.53E  05 

Wl  red  Ft  Lewis  sed.  {dtyFe=37)  22C 

2.5 

7  0 

2  36  E-07 

37.0 

S.eSE-OS  2  49E-h04 

10.5 

6.60E-02  4.75E-t87 

1.56E-08 

1.01  E-oa 

6.36E-05 

W2  red  Ft  Lewis  sed  (di/Fe=22)  22C 

2.5 

70 

2  36  E-07 

37.0 

2.59E-03  1  10E-i4)4 

15.9 

4  36E-02  7  13E-i4)7 

1 .03E-08 

6.68E-09 

9.54  E-05 

W3  red  Ft  Lewis  sed  (di^e= 1 3)  22C 

2.5 

7  0 

2  36  E-07 

37.0 

1.1  IE-03  4.70E+03 

318 

2.18E-02  8  31E+07 

5.15E-09 

3.34E-09 

1.11  E-04 

W4  red.  Ft  Lewis  sed  (dp;Fc=4)  22G 

2.5 

7.0 

2. 36  E-07 

37.0 

2.22E  04  9.40E+02 

315 

2.20E  03  4.20E+07 

5.20E  10 

3,37E  10 

5.62  E  05 

Wb  red.  Ft  Lewis  sed.  (di/Fe=37)  22C 

0.2b 

7.0 

2. 36  E-OB 

37.0 

b.8BE-03  2.49E+04 

9.2 

7.b3E-02  b.42E+07 

1.7BE-09 

l.lbE-09 

7.26E-06 

WS  red  Ft  Lewis  sed.  (di;Fe=221  22C 

0.2S 

7  0 

2  36  E  08 

37.0 

2.S9E  03  t  lOE+04 

10.9 

6.38E02  1  04E^8 

1.50E-09 

9.74E  10 

1.39E  05 

W7  red .  Ft  Le wis  sed .  {df/Fe= 1 3)  22C 

0.25 

7.0 

2.36E-08 

37.0 

I.IIE'03  4.70E-r03 

29.8 

2,33E-02  &.&7E-K)7 

5.49E'10 

3.56E-10 

1.19E-05 

Wa  red .  Ft  Lewis  sed .  [dfyFe=4)  22C 

0.25 

7.0 

2.36E-08 

37.0 

2.22E'04  9.40E+02 

46.9 

1,48E-02  2.82e408 

3.49E-10 

2,26E-10 

3.77  E-05 

W9  red.  Ft  Lewis  sed.  {dtyFe=37)  34C 

2.5 

7.0 

2. 36  E-07 

37.0 

5.88E-03  2.49E+04 

35.42 

1.96E-02  1.41E+07 

4.62E-09 

3.00E-09 

i.sgEos 

wl  D  red.  Ft  Lewis  sed.  {di/Fe=22J  34C 

2.5 

7.0 

2. 36  E-07 

37.0 

2.S9E-03  1.10E+04 

58.7 

1.1SE-02  1.03E407 

2.70E4J9 

1.81  E-00 

2.50E  05 

wl  1  red .  Ft  Lewis  sed .  {dt/Fe=  1 3)  34C 

2.5 

70 

236E-07 

37.0 

1.11E-a3  4  70E+03 

91 .15 

7.60E-a3  2  90E407 

1  .B0E-<19 

1.17E-09 

3.8eE-05 

wl  2  red  Ft  Lewis  sed.  (di'7Fe=4)  34C 

2.5 

70 

236E-07 

37.0 

2.22E-04  9  40E+02 

8403 

1.08E-04  2  06E+06 

2.56E-11 

1.66E-11 

2.76E-06 

wl 3  red.  R  Lewis  sed.  {dP/Fe=37)  45C 

2.5 

7  0 

2  36  E-07 

37.0 

5.e3E-03  2  49E+04 

73.56 

8.42E-03  6  78E406 

2.23E4)Q 

1.44E-09 

9.06  E-06 

wl  4  red.  R  Lewis  sed.  (di/Fe=22j  45C 

2.5 

7  0 

2  36  E-07 

37.0 

2.59E-03  1  10E+04 

120.7 

5.74E-03  9  39E+06 

1.36E-09 

0.eOE-1O 

1.26E-05 

w  1 5  red  Ft  Lewis  sed  [di'j^e=  1 3)  45C 

2.5 

70 

2  36  e-07 

37.0 

l.llE-03  4.70E403 

128.6 

5  39E-03  2  0eE407 

1 .27EHD9 

8.26E-I0 

2.75E-a5 

wl  6  red  Ft  Lewis  sed.  (di/Fe=4)  45C 

2.5 

70 

2. 36  E-07 

37.0 

2.22E-CM.  940E-K)2 

5759 

1  20E-04  2  3C1E-K36 

2.84E-11 

1  84E-11 

3.07E-06 

wl  7  red.  Ft  Lewis  sed.  (di/Fe=37)  56C 

2.5 

7.0 

2.36E-07 

37.0 

5.e3E-03  2.49E-H04 

124.9 

5.56E-03  3.99E-t06 

1.31E^ 

8.50E-10 

5.35E-06 

wl  S  red  Ft  Lewis  sed  (di/Fe=22)  5&C 

2.5 

70 

2  36  E-07 

37.0 

2.59E-03  1  lOE+04 

160.6 

3  e3E-03  6  26E+06 

9.05E-10 

5.67E-10 

8.39  E-06 

wl  9  red.  Ft  Lewis  sed.  (dryFe=l  3)  56C 

2.5 

70 

2  36  E-07 

37.0 

1.1  IE-03  4.70E+03 

158.7 

4  37E-03  1  67e+07 

1.03F-09 

6.69E-10 

2  23  E  05 

w29  red.  Ft  Lewis  sed.  (dF/Fe=4)  56C 

2.S 

7.0 

2. 36  E-07 

37.0 

2.22E-04  9.40E+02 

0920 

6 .90E-O5  1 . 33E+06 

1 .65E-11 

1.07E-11 

1.78E0e 

W102  1-D,  red.  Aerojet  sed.(di/Fe=27) 

2.5 

7.5 

2. 54  E-07 

36.7 

3.03E-02  1.19E+05 

345 

2.01  E-03  2.61E+05 

5.11E-10 

3.34E-10 

4.05  E'07 

W103  1-D,  red.  Aerojet  sed.(di/Fe=27) 

2.5 

75 

2. 54  E-07 

3S.7 

3.03E-02  1  19E-t05 

1202 

5.77E-04  7  48E404 

1.47E-10 

9.60E-11 

1.16E-07 

W104  1-D,  rad.  Aerojet  5Bd.(di/Fe=2.S) 

2.5 

7  0 

2  35E-07 

36.7 

3.03E-03  1  29E-h04 

146 

4.75E-03  s  eaE-fOe 

1.11E-Q9 

7.28E-10 

8.82  E-Oe 

W105  1-D,  red.  Aerojet  sed. (di/Fes?. 9) 

2.S 

7.0 

2.3SE-07 

36.7 

3.03E-03  1.29E-h04 

1972 

3.51  E-04  4.95E+05 

8.24E-11 

5.30E-11 

6.53  E'07 

W106  1-D.  red.  Aerojet  3ed.(di/Fe=0.54) 

2.44 

70 

2  29E-07 

36.7 

5.30L-04  2  32L+03 

93.7 

7.40L-03  6  09E4O7 

1.69E-09 

1.11  E-09 

7.66E'05 

W107  1-D,  red.  Aerojet  sed.{di/Fes0.&4) 

2.76 

70 

2  61  E  07 

36.7 

6.30E  04  2  03E+03 

2023 

3.43E04  2  4eE+06 

8.94E  11 

5.e5E  11 

4.04  E-oe 

Wii2  1-D,  red  Aerojet  sed  (di/Fe=2e,Wi  10) 

2.58 

5.0 

1  74  E-07 

33.0 

3.03E-03  1  74E+04 

38.6 

1.e0E-02  3  41E+07 

3.12EHD9 

2.27E-09 

2.47  E-05 

W113  1-D.  red.  Aerojet  ssd.(di/Fe=26,W21) 

2.58 

5.0 

1.74  E-07 

33.0 

3.03E-03  1.74E-r04 

98.1 

7,07E-03  1.34E-h07 

1.23E-09 

8.93E-10 

9.73  E'06 

W 1 1 4  1  -  D .  red .  Aerojet  sed .  (d  i/Fe=2B , W 1 1 0) 

0.25 

50 

1  68  E  08 

33.0 

5.30E  04  3  15E^4 

234 

2  9GE  03  3  32E408 

4.99E  11 

3.63E  11 

2.26E06 

W115  1-D,  red.  Aerojet  sed.(di/Fe=26,W21) 

0.25 

5.0 

1  S8E-03 

33.0 

5.30E-a4  3  1SE-I434 

9.&S 

7.25E-02  3  12E409 

1 .22E-09 

e.88E-10 

5.53E-05 

W116  1-D,  red  Aerojet  sed  (di/Fe=2S,wilO) 

0.227 

5  0 

1  53  E  08 

33.0 

3.03F03  190F+O5 

14.3 

4  85F4)?  1  05E409 

7.41  E-10 

5.30E  10 

5.87E  06 

W117  1-D,  red.  Aerojet  aed.(di/Fe=2e,W2l) 

0.227 

5.0 

1  saE-oa 

33.0 

3.f]3E-n3  1  9fiE+05 

19.4 

a.E7E-02  7  7lE+0a 

5.4BE-10 

a97E-lD 

4.33E-G6 

Wlie  1-D,  red.  Aerojet  sed .(di/Fe=28.W  110) 

0.259 

5.0 

1.74E-08 

33.0 

S.30E-04  3.04E-I-04 

75.4 

9.19E-03  9.g4E408 

1.60E-10 

1.17E-10 

7.26  E  06 

W119  1-D,  red.  Aerojet  sed.(di/Fe-26,W21) 

0.259 

5.0 

1.74  E-OS 

33.0 

5.30E-04  3.04E-I-04 

29.1 

2.3SE-02  2.57E-K39 

4.16E-10 

3.O2E-10 

I.SeE-05 

5.12 


Table  5.1.  (contd) 


NDMA  degradation  - —  —  MDMA  mass  removal  rates 


pseudo 

1  f.o.  rate 

intrinsic  re 

mass 

mass 

mass  flux  3 

exp. 

NDMA 

H20 

NDMA 

sed. 

Fe2+ 

molar  ratio  half-life 

Id- 

kf 

flux  1 

flux  2 

msl  ndma/ 

name 

system 

(mg/L) 

tg) 

(mol) 

(g) 

(mol) 

Fe/NDMA 

(h) 

(1/h) 

(l/h  moH) 

mol  NDMA/b  rnol/|gAlay 

mol  F«/d 

SAdlniftiHAiwatar,  1-D  column  (high  sedlmcm/Water  ratio),  variables:  fraction  reduction,  tamparaiura,  flow  rata  (raald^noa  tiniie) 

XI 56A 

1-D,  red.  Aero.  Sed{di/Fe-26,  XI 39).  1 .0 

2.86 

1.65 

6.37E-03 

11.21 

4.43E-CM 

7.04e-t03 

0.243 

2,85E+00 

9.99E410 

1.82E-07 

3.89E-07 

9.73  E-03 

yi  MB 

1-D,  red-  Aero-  S«l(di/Fe=2e,  X139),  2.0  W^e  wol. 

2.86 

1-65 

6  67E-08 

If  21 

4.48E-04 

704E+03 

0-628 

1.10E+00 

3  86E+10 

7.03E-Oa 

1.51  E-07 

3-76E-03 

X1MC 

1-0,  red.  Aero.  XI 39).  4.1  IWfciv 

2.86 

1.65 

S37e-08 

11  21 

4.4aE  04 

704E+03 

0.738 

9-39E01 

3  29E+10 

5.9&E-08 

1.26E  07 

O.SOEOO 

XIMU 

1-D,  f&d.  Aero.  Sec»{di/Fe=£6,  X139),  16.1  fi^pv 

2.86 

1,65 

e.37E-06 

11.21 

4,48e-04 

7.we+ci3 

3.378 

2,05E-01 

7.16E409 

1 .31  E-08 

2,80E-08 

7.00E-04 

XI 56E 

1-D,  red.  Aero.  S6d(dL'Fe=26,  X139),  24.1  ri^fSv 

2.8S 

1.65 

6.37E-03 

11  21 

4.4SE-04 

7.04E-H03 

2.8S4 

2.40E-01 

3  41E409 

1.53E-08 

3.98E-0B 

3.19  E-04 

xiseF 

1  0.  red.  Aero.  aed(dL/Fe=£e.  Xl39),  4&.1  h/prw 

2.as 

1.65 

S.37E-08 

11  21 

4.4SE-04 

7.04E-H)3 

14.41 

4.81  E-02 

1  68E409 

3.0SET>9 

e.56E-09 

1.64  E-04 

XI  MG 

1-0,  rad.  Aero.  S*d{di/F'e-26,  X139),  113.3  h/px 

2.86 

1.65 

6.37 E  08 

11.21 

4.4SE-Q4 

7.04E-F03 

32.7 

2.12E  02 

7.42E408 

1.35ET19 

2.89E  09 

7.2aE05 

X1 56H 

1-D,  r»d.  Aero.  Sed{di/Fe^6.  X139),  294.4  h/pv 

2.86 

1.65 

6  37E-08 

11  21 

4.48E-04 

7.04E+03 

56.75 

1  22E-02 

4.2BE408 

7.7BE-10 

1.67E-09 

4.16E-05 

X157A 

1-D.  rad.  Aoro.  Sed{di/Fe=S6.  XI 39),  1.0  IVpv 

2.86 

1.69 

6  52E-08 

1.045 

4.18E-05 

6  41E-t02 

22.3 

3.1  IE-02 

1  14E410 

2.03E-0a 

4.66E-08 

1.16E-03 

XI 57B 

1-D,  red.  Aero,  Set*{di/Fe=26,  XI 39).  2.0  Wpv 

2.86 

1.69 

6.52E-08 

1.045 

4.13E-Q5 

6.41E-H02 

15.31 

4,38E-02 

1.61E410 

2.86E-09 

6.57E-08 

1.64  E-03 

X1&7C 

1-D,  red.  Aero- S©cl{dyFd-26,  XI 39),  4.1  li/pv 

2-86 

1-69 

6  52E-08 

1-045 

4.18E-05 

6  41 E+02 

271  2 

2.56E-03 

9  37E+08 

1.67E-10 

3-83E-09 

9-57E-a5 

X157D 

1-D,.  red  Aero  Sed(di/Fd^6,  X139).  17  1  li,rpv 

2.86 

1.69 

6.52E4)a 

1.045 

4.18E  05 

641E+02 

248,2 

2.70E03 

1.02E400 

1.82E-10 

4,18E  00 

1 .05E-a4 

X157E 

1-D,  red.  Ae.ro.  ‘5dd{di/Fd=26,  Xig9),  24.1  ntpw 

2.86 

1-69 

e52E-CiS 

1.045 

4.1SE-05 

6  41 E+02 

217  1 

3-19E-03 

1  17e409 

2.08E-10 

4.78e-09 

1.30E  04 

X157F 

1-D,  red.  Aero.  se(i(dyF&=26,  X139),  48.6  b/pv 

2.8S 

1.69 

6  52  E-OS 

1.045 

4.13E-05 

S.41E-H02 

612  9 

1.13E-03 

4  ISE-hOS 

7.33E-11 

1.S9E-09 

4.24  E-05 

X157G 

1-D.  red:.  Aero.  SfttHdi/Fdz^e.  Xl39),  117.2  h/pv 

2.86 

1.69 

B  52  E-OS 

1.045 

4.1SE-05 

B41E+02 

1B65 

4.16E-04 

1  &3E40S 

2.72E-11 

6.24E-1D 

1.S6E-05 

X157H 

1-D,  red-  Aero.  S«KditFd=2$,  X139),  3I2.6  h^pv 

2.86 

1.69 

6  52E-08 

1.045 

4.18E-05 

6  41 E402 

2915 

2  38E-04 

6  72E407 

1.55E-11 

3.56E-10 

8.91  E-06 

X153A 

1-D.  red.  Aero.  Sed{difFe=26),  l.D  h/pv,  inj.  pH  7.0 

2.86 

1.71 

6  6E-08 

11.34 

4.54E-04 

687E+03 

2.354 

2  94E-01 

9  03E4O9 

1 .94E4)e 

4. 11  E-OS 

1.03  E-03 

X15SB 

1-D,  red.  Aero.  Sed{di/Fe=26),  2.0  h/pv,  inj.  pH  7.0 

2.86 

1.71 

6  6E-08 

11.34 

4.54E-04 

687E+03 

59.78 

1  16E-02 

3S7E4fl3 

7.e5E-10 

1.62E-09 

4.05E-05 

XI  sac 

1-D,  red.  Aero.  Stt*{di/Fd-26).  3.6  h/pv.  inj.  pH  7.0 

2.86 

1.71 

6.6E-oe 

11.34 

4.54E-04 

6.67E-t03 

2.071 

3.35E-01 

1.12E410 

2.21  E-08 

4.68E-08 

1.17E-03 

XI MD 

1-D,  red.  Aero-  Sed{dyFe-36),  16-1  hJpv,  irj.  pH  7.0 

2.86 

1.71 

66E-08 

11.34 

4.54E-04 

SB7E+03 

2.879 

2.41  E-Ol 

&0dE409 

1-59E-08 

3-36E-03 

8-4 1  E-04 

XI. ME 

1-D,  red.  Aero,  ^ieritdi/Fff^Pfi) .  hJW,  ir|.  pH  7.0 

2.BG 

1.71 

6  BE-Ofi 

11.34 

4.54E-Q4 

Bfl7E403 

3.6B4 

i.goE-ni 

B  33E4fl9 

1 .25E-ri6 

2.6SE-0B 

fi.fifJE  04 

X15BF 

1-D,  red.  Aere,  setHtli^Fe=26).  48.1  wpv,  inj.  pH  7.0 

2.86 

1.71 

6.6E-06 

11.34 

4.ME-04 

6.87e+03 

12.41 

5,59E-02 

1.97E409 

s.eoE-oe 

7,80E-09 

1.95E04 

X1  MG 

1-D,  red.  Aero.  sed(dyFe=26),  loo.i  n/pw,  inj.  pH  7.0 

2.86 

1.71 

S.SE-08 

11.34 

4.54E-04 

S.37E-H03 

23.57 

2.94E-02 

9.a2E403 

1.94E-09 

4. 11  E-09 

1.03  E-04 

X1  5SH 

1-D.  red-  Aaro.  SadCdi/Fe^zES),  30&.2  h>pv,  inj.  pH  7.0 

2.86 

1.71 

6.SE-oa 

11.34 

4.54E-04 

&a7E+03 

44  78 

1  55E-03 

517E40S 

1.02E4}9 

2.16E-09 

5.41  E-05 

X1  ma 

1-Di  red-  Aarp.  (dli/F9=aS).  1.0  h/pv.  inj.  pH  7,0bLjfll 

2.86 

1.66 

6.41  E-08 

11.28 

4.51  E-04 

7.04E403 

0.505 

1.37E+00 

4.75E410 

a.80E4>8 

1.a7E-07 

4.e8E  03 

XI 596 

1-D.  rad.  Aero.  tdvFa=26|,  2.1  b/pv,  inj.  pH  T.obutt 

2.86 

1.66 

6  41E-03 

11  28 

4.51  E-04 

7.04E+03 

1.11 

e.24E-01 

216E410 

4.00E-08 

8.51  E-08 

2.13E-03 

X1 59C 

1-D,  red.  Aero.  (di/Fe^S).  3.S  h/pv.  inf.  pH  7.0  buff. 

2.86 

1.66 

6  41E-03 

11  28 

4.51  E-04 

7.04E403 

1.36 

5.10E-01 

1.7eE4lO 

3.27E4)e 

6.95E-0S 

1.74  E-03 

XI 53D 

1-D,  red.  Aero.  (dVFe-26).  17.2  h/pv,  iij.  pH  7.0  tHjff. 

2.86 

1.66 

6.41  E-03 

11.28 

4.51  E-04 

7.04E403 

7.16 

9.68E-02 

3.35E409 

6.20E-09 

I.32E-08 

3.30  E-04 

XISSE 

1-0,  red  .  Aero.  (di4^e^26),  24.1  hTpyj.  pH  7.0  butf, 

2-86 

1-66 

6  41  E-08 

11  28 

4.51  E-04 

704E403 

9-86 

7.03E-02 

2  43E409 

4.51  E-09 

9,59E-09 

2,40E-04 

XI  saF 

1-D,  rad.  Aero.  {(fi4=B=26),  48. 1  h/pv,  mj.  pH  7.0  buff. 

2.86 

1,66 

6.41  E  08 

11.28 

4.51  E  04 

7.O4E403 

11.01 

e.30E02 

2.1SE409 

4.03E-0g 

e.5aE  00 

2.15E-04 

X1 

1-D,  red.  Aero.  [d(/Fe=26h  113  h/pv.  inj.  pH  7.0  buff. 

2.66 

1.66 

6.41  E-08 

11.28 

4.51  E'04 

7.04E403 

30.34 

2,28E-02 

7.g0E408 

1 .46E-09 

3.12e-00 

7.79  E  05 

X153H 

1  -D,  red.  Aero.  (di/Fe=26).  3 10  h^jir,  inp.  pH  7.0  bulf. 

2.86 

1.66 

B  41  E-08 

11  28 

4.S1E-Q4 

7.04E403 

54.93 

1.26E-02 

4  36E408 

8.09E-10 

1.72E-09 

4.30E-05 

X1G0 

Sh[|.  led-AHk  1-D  .{rfsl  6.9  liijiv.  OirO  fiO.li  Wpw) 

0.26 

.54.2 

2  02  E-OS 

260  2 

2.19E-04 

1  OflE404 

10.3 

fi.73E-02 

1  B2E41D 

1 .3BE419 

1.2fiE-10 

1  .rjOE-04 

XI 61 

Sbci.  red.idiiic  1-D  (PBd  O.D  h/pv,  nific  20&  tvpw) 

0.2S 

48.S 

2  02  E  08 

235.7 

1.9SE  04 

9  78E403 

5.41 

1.2SE01 

3  20E410 

2.59E4>9 

2.64E  ID 

3.14E-04 

X162 

Seq.  re<l.Jtixic  l-O  (red  a.i  b/pv.  emc  I04  ivpw> 

0.25 

82.1 

2  02  E-03 

396.4 

3.33E-04 

1  64E404 

7.0 

9  85E-02 

1  46E410 

1.99E4)9 

1.21  E-10 

1.44  E-04 

X180 

Seq.  red.A>xtc  i-D  [red  32.0  hfpv,  okIc  216.1  h/pv) 

0.25 

54.2 

1  83E-07 

260.2 

2.19E-04 

1  19E403 

33.2 

209E-02 

5  22E408 

3.82E-0S 

3.52E-10 

4. 19  E-04 

X181 

Scq.  red./oKk  1-D  (red  10.7  h/pv,  osic  317.3  h/pv) 

0.26 

48.8 

1.6SE-07 

235.7 

1.98E-04 

1.20E403 

7.16 

9.68E-02 

2.97E409 

1.59E-08 

t.62E-09 

1.93  E-03 

Xt82 

Seq.  fed./oKic  1-D  (red  28.3  h/pv,  oxic  3>64.5  h/pv) 

0.25 

82,1 

2.77E-07 

396.4 

3,33E-04 

1.20E403 

22.5 

3,08E-02 

3.34E408 

8.54E-09 

5,17E-10 

6.1 5  E-04 

X190 

Seq.  red  Ajiric  l-D  (red  146.3  b/pv.  tniic  1000  hipvj 

0.25 

54.2 

1  e3E-07 

260  2 

P.19E-04 

1  19E403 

46.3 

1.50E'02 

3  74E408 

P.74E-00 

2.53E-10 

3.01  e-04 

XI 91 

r€d./axic  i-D  (red  29.9  ivpv,  oxic  366.6  rvpv) 

0.26 

48.8 

1.65E-07 

235,7 

1.98E-04 

1.20E403 

4.5 

1,54E-01 

4.72E409 

2.54  E-08 

2,58E-09 

3.08E03 

X192 

Seq.  red-iaidc  1-D  [red  96.2  h^,  osclc  1228  h/pv) 

0.2S 

82.1 

2  77E-07 

396.4 

3.33E-D4 

1  20E403 

13.9 

3.G7E-02 

3  9eE-H58 

1.02ET}a 

6.15E-1D 

7.32  E-04 

X164 

1-D  red.  Aemjel  seed.  {di/Fe-d26:  ft.lfi  h/pv) 

0.26 

6.0 

2Q2E-0S 

27.S 

1.10E-03 

5  43E404 

23.6 

242E-02 

1  09E409 

4.91  E- 10 

4.2aE-1Q 

1.07E05 

XI S4 

1-D  r&s.  Aerojei  sed.  [dwFa=20: 27.6  h-pv) 

0.25 

60 

2  03  E  08 

27.5 

1.10E03 

5  42E404 

36.6 

1  88E02 

6  44E+08 

3.82E  10 

3.33E  10 

6.34  E  06 

X194 

1-D  red.  Aerojel  sed.  [tK/Fe=26,  ita.l  b/pv) 

0.25 

6.0 

2  09  E-08 

27.5 

1.10E-03 

543E404 

31.0 

224E-02 

1  OOE+09 

4.54E-10 

3.96E-10 

9.89  E-Oe 

XI 63 

Oxic  Aerojet  sed.  in  1  -0  column  (62.2  h/pv) 

0.25 

47.8 

2  02  E-08 

217  4 

4.00E-06 

1  9eE402 

150.4 

4.61  E-03 

5  6SE-h10 

9.33E-11 

1.03E-11 

5.60E-04 

X183 

Oxic  Aerojet  sed.  in  1-0  column  (216.7  h/pv) 

0.25 

47.8 

1.61  E-07 

217.4 

4.00E-06 

2.48E401 

299.1 

2.32E-03 

3.59E-H)9 

3.74E-10 

4.13E-11 

2.24  E-03 

X193 

Oxic  Aerojet  sed.  in  1  -0  column  (1626  h/pv) 

0.25 

47.8 

1.S1  E-07 

217.4 

4.00E-06 

2.48E401 

478.3 

1.45E-03 

2.25E409 

2.34  E-10 

2.58E-11 

1.40E03 

Because  NDMA  degradation  was  an  abiotic  reaction,  rates  were  not  a  function  of  NDMA 
concentration  (Figure  5. 12c).  Partially  reduced  sediment  had  less  ferrous  iron  than  fully  reduced 
sediment,  so  the  Fe/NDMA  ratio  was  smaller  (and  NDMA  degradation  rates  slower 
(Figure  5.12b). 

The  rate  of  NDMA  degradation  in  sequential  reduced-oxic  systems  (purple  diamonds. 

Figure  5.12b)  was  essentially  the  same  as  the  reduced  sediment  columns,  as  it  appears  the 
addition  of  the  downgradient  oxic  sediment  column  did  not  add  any  additional  reactivity.  As 
described  in  detail  in  Section  4.4.3,  both  NDMA  degradation  and  NDMA  mineralization  in  the 
sequential  reduced-oxic  sediment  columns  was  inefficient.  It  is  hypothesized  that  NDMA 
biomineralization  in  oxic  systems  proceeds  along  a  different  pathway  than  the  abiotic  NDMA 
mineralization  in  reduced  systems,  so  DMA  and  other  intermediates  formed  in  the  reduced 
sediment  column  are  not  readily  degraded  in  the  downgradient  oxic  columns. 

NDMA  mineralization  rates  were  also  quantified  in  oxic,  anaerobic,  and  reduced  sediment 
systems  and  portions  of  subsurface  systems  (i.e.,  just  aqueous  solution,  mineral  phases. 
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Figure  5.12.  NDMA  degradation  rate  as  a 
function  of  (a)  Fe/NDMA  ratio  and 
b)  NDMA  concentration. 


Table  5.2).  The  molar  ratio  of  ferrous  iron  to 
NDMA  in  these  sediment  systems  was  important 
for  NDMA  mineralization  in  reduced  sediments 
(Figure  5.13,  green  squares),  as  additional  ferrous 
iron  promotes  additional  NDMA  degradation. 

In  contrast,  NDMA  mineralization  in  oxic  sediments 
was  not  related  to  the  ferrous  iron/NDMA  ratio 
(i.e.,  yellow  and  red  squares  all  plot  at  a  low  ratio). 
In  batch  systems,  microbial  isolates  (Figure  5.13, 
crosses  plotted  on  Y-axis)  had  NDMA  minerali¬ 
zation  rates  that  were  comparable  to  oxic  sediment- 
water  systems  (i.e.,  biomineralization),  but  reduced 
sediment  systems  (i.e.,  abiotic  mineralization)  were 
slower  by  one  or  more  orders  of  magnitude.  This 
suggests  that  ex  situ  treatment  of  biomineralization 
(as  is  already  being  done)  would  be  effective.  In 
contrast,  in  1-D  column  systems,  the  NDMA 
mineralization  was  fastest  in  the  reduced  sediment 
columns  (circled  green  squares  in  Figure  5.13), 
with  mineralization  in  the  oxic  columns  55  times 
slower  (circled  red  squares  in  Figure  5.13).  The 
sequential  reduced-oxic  sediment  columns  showed 
rates  in  between  these  two  systems  (light  green 
circles),  although  further  analysis  showed  that 
nearly  all  of  the  reactivity  was  occurring  in  the 
reduced  sediment  columns. 
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Figure  5.13.  NDMA  mineralization  and  ferrous 
iron/NDMA  ratio. 
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Table  5.2.  NDMA  mineralization  rate  and  extent. 


—  NOMA  minerallzallon  rate  —  minerallzatkon  extent 


NDMA 

H20 

NDMA 

sed- 

Ft2+ 

ratio 

ha  If-I  I  Id  first-order  intrinsic  Buxi 

mass  flux  2 

description 

Jmg^U 

J9L 

(mql) 

MBM 

(mglj 

Fg/NDMA 

imcl  HDMA/h 

{%  C02J 

att(h} 

mgl/g/d^y 

Botch  Byctcmc  with  Avrcict,  QA  subsurloce  ce<timeni  (266'  ^pthywater  system  {all:  oxic,  anaerobic,  reduced,  sequemial  peducecbOixic) 

wes5 

o«ic  Aeroiei  sediment,  pH  9.1 

25.0 

6 

2,02E-06 

1.0 

4.00E-07 

1.963-01 

1406 

4.933-04 

6.093+08 

9.96E-10 

25.6 

600 

1.97E-02 

3S2 

OKic  Aerojet  seditrient,  pH  9.1 

2.6 

60 

2.02  E-07 

1.0 

4  00E-OT 

1  9&E+Q0 

501.1 

2  30E-03 

2  843+10 

4.e6E-10 

36.5 

1963 

4.22E04 

SS3 

Qxtc  Aerojet  pediment,  pH  9-1 

0.25 

60 

2  023-08 

1.0 

4.00E-87 

1  98E+01 

369.7 

1.07E-O3 

2  31E+11 

3.803- 11 

38.5 

1968 

5.18E^5 

SS4 

oxtc  Aerojet  sediment,  pH  9.1 

0.0025 

6.0 

2.02E  1(i 

1.0 

4.00E07 

1.9aE+03 

S05.7 

2. 273  03 

2.80E+13 

4.S9E-13 

36.9 

1968 

4.29E4)7 

S&5 

oxie  Aerojet  sediment,  pH  9.1 

0.00010 

6.0 

e,iE-i2 

1.0 

4.00E-07 

4.94E+04 

378,3 

1.33E-03 

5.663+14 

1 .48E-1 4 

28.1 

1963 

2.12E4^0 

S86 

oxic  Aerojet  sediment,  pH  9.i 

0000010 

60 

8.1E.13 

1-0 

4  00E-07 

4  94E+05 

355-6 

1  95E-03 

6  02E+15 

1 .58E-1 5 

26-9 

1963 

1.99E-09 

Sfl7 

red.  Aerojet  sfid.{di/FH-20,W2l ,  pHS.5) 

2.5 

60 

2.02  E-07 

1.0 

4  00E-05 

1.9SE+02 

3672 

1.09E-O4 

2.333+07 

3.623-11 

11.1 

1318 

5.15E-03 

1588 

red.  Aerojet  sed.(di/Fe=2G,W2l ,  pHS.5) 

0.25 

60 

2.02  E-oe 

1.0 

4.Q0E-05 

1  .SSE+OQ 

4096 

1.69E-04 

2.Q9E+D8 

3.42E-1 2 

12.3 

1316 

5.75E-04 

SS9 

red.  Aerojet  9ed.{di/Fe=26,W2l ,  pH3.5) 

0.0025 

6.0 

2.02  E- 10 

1.0 

4.00E-05 

1.9SE+05 

3083 

2.253-04 

2.733+10 

4.55E-1 4 

15.6 

1318 

4.32E4D6 

S90 

red.  Aerojet  seid-(di/Fe=26,W2i , 

000010 

60 

a.iE-i2 

1.0 

4D0E-05 

4  94E+06 

3046 

2  27E-04 

7.02E+11 

1 .84E-1 5 

10.1 

1316 

1.71  E-07 

S91 

red.  Aerojet  3ed.{di8=e=26,W21 ,  pH8.5) 

0000010 

60 

fl.1E.13 

1.0 

4  00E-05 

4.94E+07 

10500 

6  60E-05 

2  04E+12 

5.35E-17 

2.1 

1316 

5.89E.0a 

S82 

OKbo  Aerojet  sed.+  1  mLmelhene 

0.25 

60 

2.02E-ae 

1.0 

4.aOE-07 

1  9SE+01 

8633 

8. 033-05 

9.91  E+D9 

1 .63E-1 2 

5.7 

1317 

1.21  E433 

S93 

oxrc  Aerojet  sed.+ 1  mL  propane 

0.25 

6.0 

2.02E-0e 

1.0 

4.00E-07 

1 .98E+01 

471 

1.473-03 

1.823+11 

2.96E-1 1 

30.9 

1317 

6.60E-05 

394 

oxic  Aerojet  sed  +  50  uL  toluene 

0.25 

60 

2.02E-0e 

1.0 

4  00E.07 

1  9&E+01 

5906 

1  17E-04 

1.45E+10 

2.3eE-1 2 

0.2 

1317 

8.28E-04 

393 

OMic  Aerojet  sed  +  1  mLggetylene 

0.25 

60 

2.02  E-08 

1.0 

4  00E-07 

1  9&Et01 

776 

S91E-04 

1  10E+11 

1 .80E-1 1 

22.0 

1317 

1.09e^4 

398 

anaerobic  Aerojet  sed. 

0.25 

60 

2.02  E-08 

1.0 

4.00E-07 

1  963+01 

872 

7.95E-04 

9  81E+10 

1.eiE-11 

16.0 

1317 

1.22E454 

397 

anaerobic  Aerojet  sed.+  1  mL  methane 

0.25 

6.0 

2.02  E-08 

1.0 

4.0OE-07 

1.9&E+01 

824 

6.41  E  04 

1.04E+11 

1 .70E-1 1 

20.5 

1817 

1.ieE04 

398 

anaerobic  Aerojet  sed.-t  i  mL  propane 

0.26 

60 

2.oaE-oe 

1-0 

4.00E-07 

1  96E+01 

670 

1  03E-03 

1  3SE+n 

2-09E-11 

22.3 

131? 

9-39E-05 

399 

anaerobic  Aerojet  sed.-r-  60  uL  toluene 

0.26 

60 

202E-D8 

1-0 

4  00E-07 

1  96E+01 

5045 

1.37E-04 

1  70E+10 

2.78E-12 

11.1 

1317 

7.07E.04 

8100 

anaerobic  Aerojet  aRd.+  1  mL  acelylene 

0.25 

60 

2.02  E-OS 

1.0 

4.a0E-07 

1  98E+01 

1204 

5  76E-04 

7  llE+10 

1.17E-11 

15.9 

1317 

l.e9E-04 

3101 

red.  Aerojet  aed.(di/Fe=2G) 

0.25 

6.0 

2.02  E-D8 

1.0 

4.00E-05 

1.9&E+03 

2957 

2.343-04 

2.893+08 

4.75E-12 

11.9 

1317 

4.15E04 

3102 

red.  Aerojet  (di/Fe=26)+  i  ml  methane 

0.25 

60 

2,02£-08 

1.0 

4  00E-05 

1  9SE403 

4531 

1  53E-04 

1.893+08 

3.103-12 

13.8 

1317 

6.35E^4 

3103 

red  Aerojet  (di^'Fe=26)+  1  mL  propane 

0.25 

60 

2.02  E-oe 

1.0 

4  00E-05 

1  9&E+03 

4060 

1.43E-04 

1  76E+0e 

2.&9E-1 2 

10.2 

1317 

6.61  E-04 

3104 

red.  Aerojet  (di/Fe=26j+  50  uL  toluene 

0.25 

60 

2.02  E-08 

1.0 

4  00E-05 

l.gSE+03 

4135 

1.6SE-04 

2.073+08 

3.39E-12 

g.E 

1317 

5.BOE-04 

3105 

red.  Aerojet  (di/Fe=2S)+  1  mLacelylere 

0.25 

6.0 

2.02  E-D8 

1.0 

4.Q0E-05 

1.98E+03 

5420 

2.033-04 

2.503+08 

4.10E-12 

15.2 

1317 

4.a0E-04 

3106 

red.  Aerojet  (di/Fe=26)+  lOOuL  yeast 

0.25 

60 

2,02e-08 

1.0 

4  00E-05 

1  9&E+03 

2497 

2  7&E-04 

3433+08 

5.623-12 

10.3 

1317 

3.S0E-04 

3107 

red  Aerojet  (diFe=26)+  lOOuL  humic  acid 

0.25 

60 

2.02E-08 

1.0 

4  0OE-65 

1  9&E+03 

3257 

2  13E-04 

2636+08 

4.31  E-1 2 

13.9 

1317 

4.67E-04 

3100 

red.  Aerojet  (cli^'Fe=28i+  1  uL  iCt 

0.25 

60 

2.02  b-oe 

1.0 

4  086  05 

1  98b+03 

2629 

2  64b-04 

326b+08 

5.34b-1 2 

16.4 

1317 

3.89b  04 

X185 

ried.  Aero|et  sed.,  +  gluteraldehyde  (bacterfclde) 

0.25 

6.0 

2.D2E-08 

1.0 

4.a8E-05 

1 .98E+03 

3617 

1 .92E-04 

2.37E+08 

3.88E-12 

19.5 

1940 

5.07E-04 

X167 

Reduced  Aerojet  sedirnerrt  +  30  mM  niliate 

0.25 

6.0 

2,02  E-oe 

1.0 

4.00E05 

1.9SE-r03 

5777 

1. 203-04 

1.433+08 

2.433  1  2 

6.2 

1940 

8.10E^4 

X160 

Red  Aerojet  4  30  mM  nitrile  100  mM  glucose 

0.25 

60 

2.02F-C18 

1-0 

4  00F-05 

1  98F+03 

4476 

1  553-04 

1  91 F+OB 

3-13F-1? 

9? 

1940 

6.28F.04 

3109 

red.  Aefdjer  <sed.(fii/Fe=26L  fiR  day  praiii. 

0.25 

60 

2.02E-Da 

1.0 

4  00E-05 

1  96E+03 

3755 

1.05E-O4 

2203+08 

3.74E-12 

50 

1002 

5.27E-04 

3110 

red.  Aerojet  +1  ppm  yeast  60  day  presit. 

0.25 

60 

2.02E-De 

1.0 

4.aOE-05 

l.gSE+03 

7531 

9.20E-05 

1  143+08 

1. SEE- 12 

5.5 

1002 

1.06E+33 

3111 

red.  Aerojet+IO  ppm  yeast,  6B  day  prest. 

0.25 

6.0 

2.02E-08 

1.0 

4.Q0E-05 

1.9SE+Q3 

5097 

1.363-04 

1.633+08 

2.75E~12 

4.7 

1002 

7.15E-04 

3112 

red-  Aercjel  +100  ppm  yeasl,  seday  presi. 

0.25 

60 

2.02  E-08 

1.0 

4  00E-OS 

1  98E403 

5380 

1  1SE-04 

1  46E+08 

2.393-1 2 

4.6 

1002 

8.24E04 

3113 

red-  Aerojei+i  .6  ppm  humic  acid,  OSd  prest. 

0.25 

60 

2.02E-08 

1.0 

4  08E-05 

1.9&E+03 

4320 

1.603-04 

1  90E+O8 

3.25E-12 

6.1 

1002 

6.06E-04 

3114 

red.  Aofojel+16  ppm  humic  acid,  eSd  prest. 

0.25 

60 

2.02  E-08 

1.0 

4  00E-05 

1.963403 

9220 

7. 523-05 

9.233+07 

1.52E-12 

4.2 

1002 

1.29E-03 

3115 

red  Aercjel  M60  ppm  hLmie  acid,  68d  prest 

0.25 

60 

?.0?F-De 

10 

4  WF-05 

1  gsF+og 

5486 

1. 073-04 

1 .37F+0e 

?.ieF-i? 

5? 

1002 

9.(J9F^4 

3116 

ujcic  Ai^iojel  tfaditnenl,  58  day  pre&lirrujlaticri 

0.25 

60 

2.02E-08 

1.0 

4.08E-0/ 

1  98E401 

224.2 

3D9E-03 

3  62E+11 

0.263-1 1 

44.4 

1002 

3.14E05 

3117 

oxic  Aarojai  !;ed.+i  ppm  nsci  pmci. 

0.25 

60 

2.02  E-oa 

1.0 

4.00E-07 

I  9BE401 

533 

1.30E-03 

1  61E+11 

2.e3E-1l 

20.2 

1002 

7.47E-05 

3118 

nxic  Aerojcl  seri.+1P  ppun  yeasl.  EWkl  presl. 

0.25 

60 

2.02  E-oe 

1.0 

4.a8E-07 

1.9BE+01 

273 

2  54E-03 

3  13E+11 

5.14E-11 

4B.3 

1002 

3.B3E+35 

3119 

dxEc  Aerojet  sed.+1P0  ppm  yeast,  66d  presl. 

0.25 

6.0 

2.02  E-oe 

1.0 

4.08E-07 

1 .963+01 

169.2 

3.S6E-03 

4.523+11 

7.42E-11 

51 .6 

1002 

2.e5E-05 

3130 

OMc  Aerojel+lj8  ppm  hiJinic  acid,  63d  priest 

0.25 

60 

2.oaE-oe 

1.0 

4  00E-07 

1  9&E+01 

224.2 

3  09E-03 

3e2E+11 

6.36E-1 1 

45.9 

1002 

3.14E^6 

3121 

oxic  A^rojai+18  ppm  humic  add,  68d  pre&t 

0.25 

60 

2:02  E-oe 

1.0 

4.00E-07 

1  9SE+01 

269.3 

2  57E-03 

310E+11 

5.21  E-1 1 

46.6 

1002 

3.78E-05 

3122 

oxic  Aarojal+IBD  p(tn\  humic  acid.  6Bd  prast 

0.25 

60 

2.02E-0a 

1.0 

4  00E-07 

1 .96E+01 

532 

1.30E-03 

1  61E+11 

2.64E-11 

33  4 

1002 

7.46E-OS 

3123 

oxic  Aero]et+prop.(prop/ox^.04).  6Bd  pre 

0.25 

60 

2.02  E-oe 

1.0 

4.QOE-07 

1 .983+01 

194 

3. 573-03 

4  413+11 

7.23E-1 1 

45.6 

1002 

2.72E-05 

3124 

oxic  Afirtjjet+prQp.(prop^oK=0.4),  fifld  pre 

0.25 

6.0 

2.02  E-oa 

1.0 

4.Q0E-07 

1.98E401 

149 

4.65E-03 

S.74E+11 

9.42E-11 

59.6 

1002 

2.09E05 

3125 

oxic  Aerojet+p(iop.(prop.Ox=4),  60d  presl- 

0.25 

60 

2.02E-08 

1.0 

4  00E-07 

1  9&E+01 

190 

3  65E-03 

4.50E+11 

7.39E-11 

47.4 

1002 

2.66E-05 

3209 

red.  Aerojel  (lOOfNi),tlwi  ox.  Aaro.  sod. 

0.25 

60 

2.02  E-08 

1.0 

4.00E-8S 

1.9&E+03 

12500 

5.55E-05 

6.85E+07 

1.12E-12 

10.0 

3044 

1.75E-03 

3210 

red.  Aeiojet+yeast  {lOOOhJ.OK.  Aero.  sed. 

0.25 

60 

2:02  E-08 

1.0 

4.aOE-05 

1.9BE+03 

13070 

5. 303-05 

6. 553+07 

1.07E-12 

9.5 

3(i44 

1.a3E03 

3211 

31 1 1  aq(.1  OOOh)  placed  wAjhc  Aero,  sed . 

0.2S 

6.0 

2.02  E-oe 

1.0 

4.00E-05 

t.98E403 

14620 

4.74E-05 

&.e5E+07 

9.60E-13 

0.8 

3044 

2.05E03 

3212 

red-  Aerojet  (loowj+yeasi;  pxidLzed 

0.25 

60 

2.02E-08 

1.0 

4  00E-05 

1  9&E403 

15060 

4  60E-05 

563E+07 

9.39E-1 3 

8.3 

3044 

2.1  IE-03 

3213 

red.  Aerojel  (lQCK)hj+l.8  ppm  humic  acid 

0.25 

60 

2.02E-Dfl 

1.0 

4.QOE-05 

1  9&E+03 

11510 

6.D2E-05 

7  44E+07 

I.22E-12 

10.0 

3044 

1.61  E-00 

3214 

red.  Aerojet  (dl/Fe^-2)6>+l6  ppm  humic  acid 

0.25 

60 

2.02  E-08 

1.0 

4.QOE-OS 

1 .9BE+03 

11640 

5.95E-05 

7.35E+07 

1.21E-12 

12.6 

3044 

1.63E-03 

bZI  5  red.  Aerojet  (dvFe=2e>+ 1 60  ppm  huinic  acid 

0.25  6.0 

2,02  E-08 

1.0 

4.00E-05 

1  .g&E+oe 

13550  S.lZt-OS 

e.32b+07  1  .g4t-1  2 

0.7 

3044  1.90t-03 

3216 

Oxic  Aerojet  ced  (10006},  men  oxic  sed- 

0.25 

60 

2.02E-08 

1.0 

4.00E-07 

1  9&E+01 

1436 

4  03E-O4 

596E+08 

9.77E-1 2 

63.7 

3044 

2.01  E  04 

3217 

oxic  Aigrcjei  +  yeaai  (lOOOh),  thert  oxio  Sioci. 

0.25 

60 

3:02  E-Oe 

1.0 

4.Q8E-07 

1.9SE401 

3027 

1.01E-O4 

2  24E+08 

3.67E-12 

26.0 

3044 

S.37E-04 

3210 

oxic  Aarojel  +  yeasi  (I0j3pm).  than  oxic  sed. 

0.25 

60 

2.02E-08 

1.0 

4.00E-07 

1.98E+01 

1373 

5.0SE-04 

623E+08 

1.02E-11 

52.2 

3044 

1.93E.04 

3219 

Dxk:  Aerojel+iOD  ppm  yeast.  02  at  lOOQh 

0.25 

60 

2.02E-Oe 

1.0 

4Q0E-07 

1.98E+01 

1195 

5.a0E-04 

71SE+08 

1.17E-11 

58.6 

3044 

1.6eE04 

3220 

oxic  Aerojel+lj6  ppm  HA ,  cx.sed.  at  lOQOh 

0.25 

6.0 

2,02E-08 

1.0 

4.00E-07 

1.98E401 

1371 

5.06E-04 

6.24  E+Oe 

1.Q2E-11 

56.0 

3044 

1.92E04 

3221 

oxic  Ai^rojol+16  ppm  HA,  o*.  aed.  al  iDDOh 

0.25 

60 

2.02  E-08 

1.0 

4  00E-07 

1.9SE401 

1306 

5.31  E-04 

655E+08 

1.07E-11 

5S.9 

3044 

t.S3E-04 

3222 

oxic  Aerojat+ 150  ppm  HA.  02  at  lOOQh 

0.25 

60 

2:02  E-08 

1.0 

4.00E-07 

1  98E+01 

2193 

3.16E-04 

3.90E+08 

0.4OE-12 

37.5 

3044 

3.07E04 

3223 

oixic  Aerojel  +prepane.  ox.  sed.  al  1DDD  h 

0.25 

60 

2.02  E-08 

1.0 

4.QeE-07 

1 .963+01 

1449 

47SE-04 

5  91 E+08 

9.e9E-1 2 

54.7 

3044 

2.03E-04 

3224 

oxic  Aerojel  tpropane.  ox.  sed.  al  lOUDh 

0.25 

6.0 

2,02  E-08 

1.0 

4.00E-07 

1 .98E401 

9B0 

7.07E-04 

3. 733+08 

1 .43E-1 1 

63.7 

3044 

1.37E04 

3225 

oxic  Aerojel  sed.+prop.,  02+prop  at  iDDOh 

0.25 

6.0 

2,02  E-oe 

1.0 

4.00E-07 

1.9SE+01 

1433 

4.S4E-04 

5.97E+0e 

9.79E-1 2 

60.4 

3044 

2.01  E  04 

In  the  reduced  sediment,  mineralization  rates  of  the  different  sediments  show  significant  differ¬ 
ences.  Although  NDMA  mineralization  is  mainly  controlled  by  the  adsorbed  ferrous  iron  on 
mineral  phases,  accounting  for  just  this  ferrous  iron  (reductive  capacity)  for  the  Aerojet  sediment 
(100  pmol/g)  and  Ft.  Lewis  sediment  (160  pmol/g)  did  not  show  the  same  mineralization  rate 
(corrected  for  the  difference  in  reductive  capacity.  The  Aerojet  sediment  had  higher  minerali¬ 
zation  rates  than  the  Ft.  Lewis  sediment.  Although  some  of  the  minor  mineral  phases  are 
characterized  in  both  sediments,  there  is  no  explanation  for  the  difference  in  reactivity. 
Characterization  of  the  Aerojet  reduced  mineral  phases  before  and  after  reactions  with  NDMA 
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by  Mossbauer  was  unsuccessful  due  to  the  low  fraction  of  iron  phases  in  the  sediment,  although 
may  have  revealed  some  additional  information  of  which  phases  ferrous  iron  was  adsorbed  to 
was  controlling  NDMA  degradation. 


Table  5.2.  (contd) 


—  NDMA  mi  nerallzatlon  rate  —  min&ra  I  izatlon  extent 


NOMA 

H20 

NDMA 

sed.  Fe2+ 

ratio 

ha  IMitetirst-order  intrinsic  re  mass  nuxi 

mass  flux  2 

ejtp. 

description 

(g) 

(mol) 

(h)  (mol) 

Fe/NDMA 

(h 

rale  (l/h) 

(1/h  mol2)  nwl  NDMA/h 

(%  C02) 

ott  (h) 

mol/g/day 

1-D  Columns  wTtTi  Aerojet,  CA  sutisurfsoe  sediment  (2SS’  deptfiJAwater  system  (all;  oxic,  anaerobic,  reduced,  sequential  reduceefoxEc] 

1 

xieo 

S®q.  -(n&d  b/pv,  0)f»S  6fl,l  Wpv) 

0.25 

54.2 

2,02  E-03 

260.2  1.04E-04 

5.14E+03 

2124 

3  26E-a4 

224E+09 

3.67E-12 

4.4 

410 

2.9eE04 

X161 

Seq.  red.ftHfic  1 lued  3.0  hipv,  oitic  566  h^v) 

0.S5 

dS-8 

2.02.E-08 

235-7  9  d3E-05 

4  66E+03 

4694 

1.48E-04 

2.24E-I-08 

3-67E-1 2 

12.1 

410 

6-58E04 

X162 

Seq.  red.tatiic  (red  6.1  htov.  (Mie  t04  Wtovp 

0.25 

32.1 

2,02  E-oe 

396.4  1.59E-04 

7.83E-h03 

3305 

1.82E-04 

2.24  E+08 

3.67E-12 

4.8 

410 

S.34E4)4 

X180 

Seq.  retJ.toxic  1  -o  lied  sz.ci  n/pv.  owe  21  e.i  rvpv) 

0.25 

54.2 

1.83  E-07 

250.2  1.04E-04 

5.50E+02 

1790 

3.07E-O4 

2.24E+0e 

3.67E-12 

10.4 

590 

2.27E03 

Xlfll 

Seq.  1  -0  iKd  1 0.7  h/pv,  31 7.3  h/pv] 

0.25 

4e.B 

1.65  E-07 

235.7  9.43E  05 

S.72E+Q12 

2030 

3.41  E  04 

2.24  E+Oe 

3.67E-12 

13.5 

590 

2.32E03 

X 1 S2  Sse|.  red.feKte  1  -O  28.3  h/pv,  owe  3S4.5  h/pv)  0.25  S2. 1  2. 77  E-07 

306.4  1.59E-04 

5  72E+02  2593  2  67E-04 

2  24Et08  3.67E-12 

10.1 

590  4.98E03 

X19D 

Saq.  rad.ftntkc  1-D  Irod  148.3  hu^,  mac  10DO  hipv) 

0.25 

54.2 

l.eaE-D7 

260.2  1.04E-04 

S.69E+02 

3177 

21SE-04 

2.24E-I418 

a.67E-1 2 

16.1 

322 

4.02E-03 

X191 

seq.  retf.^OKio  i-o  (fed  £S,s  tvpv.  OKic  -esSre  tvjpv) 

0.25 

48.3 

US  E-07 

235,7  9.43E-05 

5.72E+02 

3992 

1.74E-a4 

2.24  E+08 

3.67E-12 

22.5 

822 

4.55E08 

X192 

Saq.  rod.fojifcl-O (fed 9S.£  IVpv, owe  1223 h/pv) 

0.25 

82.1 

2,77E-07 

396.4  1.S0E-O4 

5.72E+02 

4411 

1.57E-04 

2.24E+08 

3.67E-12 

25.7 

822 

8.46E-03 

X164 

1-0  rod.  AorotQl  sod.  (dj/Fo^^O:  6.  to  hdpv) 

0.25 

e.o 

2.02E-08 

27.5  1.10E-03 

5.43E404 

368.6 

i.86E-a3 

6.44  E+07 

3.61  E-11 

2.2 

410 

5.17E-05 

X184 

1  -a  red.  Aeroiel  sed.  27.6  h/M 

0.25 

60 

2.03  E-oe 

27.5  1  10E-03 

5.42E+tM 

297.7 

2.41  E-03 

1.09E+08 

4.89E-11 

6.2 

590 

4.04E-05 

X194 

1-D  ted.  Aerofei  sed.  {di/Fe=26:  iis.i  ivipy) 

0.25 

60 

2.03  E-06 

27  5  1.10E-03 

5.43E+04 

573.5 

1  21E-03 

542E+07 

2.45E-1 1 

16.8 

822 

8.05E435 

X163 

□xic  Aerojel  sed.  in  t-O  oolumn  {62.2  h/pv) 

0.25 

47.3 

2.02  E-oe 

217.4  8  70E-05 

4  29E-h03 

833.9 

e26E-04 

4.69E-I48 

1 .67E-1 1 

4.7 

410 

1.18E04 

X183 

QxiC  Aprojel  sed-  in  1*D  COluimni  {21S.7  Wpv) 

0.25 

47.8 

1.61  E-07 

217.4  0.7OE-O5 

5.30E+CE 

1642 

4  22E-04 

3.01  E+07 

6.81  E-11 

5.2 

590 

1.83ET)3 

X193 

Ode  Aq-rojel  in  1-D  cOlLJiTin  { 1 626  h.^) 

0.25 

47.S 

1.61  E-07 

217.4  a  70E-05 

5.39E+a2 

4393 

1.5SE-04 

1  12E+07 

2.54E-11 

25.2 

322 

4.91  E.03 

Puchach  subsurface  sediment  (273.'  depth^waler  system  (naturally  reduced  clay  with  NOM) 


S71 

natural  reduced  Puchack,  NJ  sediment 

2.5 

30 

1.0  IE-06  5.0 

7.95E-04 

7.a5E-l-02 

760 

9.01  E-04 

1.12E+06 

9.13E-10 

28.4 

2155 

5.39E-03 

xiee 

natural  reduced  Puchack,  (SU  sed.  +■  gtuteraklehi 

0.25 

60 

2.02E-08  1.0 

4  00E-05 

1  98E+03 

2139 

3  25E-04 

4 01 E+08 

6.57E-12 

19.5 

1940 

3.00E4)4 

X171 

natural  rE>ducE!d  Puchack,  NJ  sed.,  2.5%  organic 

0.25 

9.0 

2.02  E-08  1.0 

4.Q0E-05 

1 .9flE403 

2103 

3.30E-04 

4.07E+CI8 

6.97E-1 2 

12.4 

1940 

2.95ET14 

X172 

natural  reduced  Puchack,  NJ  sed.  organic  matte 

0.25 

90 

2  02E-08  1 .0 

4  00E-05 

1  9aE-i.03 

422B 

1.&4E-04 

202E+08 

3.32E-1 2 

9.5 

1940 

5.93E.e4 

Batch  Systems  with  Ft  Lewis,  WA  subsuiiace  sediment  (60'  depth)Avater  system  (oxic,  anserobiCi  reduced) 

see 

□x.Ft  Lewis  sediment 

2.5 

30 

1.01  E-06  5.0 

7&5E-06 

7.3SE+00 

241.9 

2  37E-03 

3.56E+08 

2.90E-09 

53.1 

2155 

1.70E+)3 

S67 

anox.FlLcw  sed,  367 

2.5 

30 

1.01  E-oe  5,0 

7.95E-06 

7.85E400 

611.1 

1.13E-03 

1.41  E+08 

1.15E-09 

51.2 

2156 

4.2eE03 

see 

anox.FiLew  &ect-i-t>acl-,S68 

2.5 

30 

1.01  E-06  5.0 

795E-06 

735E400 

53495 

1  30E-0& 

1  61 E+06 

1.3IE-II 

243 

2155 

3./5E-01 

360 

ancx.RLew  sed  -i-  qhjc.369 

2.5 

30 

1.01  E-oe  5.0 

7.&5E-06 

7.fl5E400 

538.6 

1  29E-Q13 

I  60E+08 

1.30E-09 

45.4 

2156 

3.78E-03 

S70 

ancx.FiLfiwsed+zvi,  S7Q 

2.5 

30 

1.01  E-06  5.0 

7.95E-0B 

785E4Q0 

9138 

7  59E-05 

9.42E+06 

7.6fiE-1 1 

6.26 

2155 

6.41  E-02 

S72 

red.FtLew  (d4=e=2e),S72 

2.5 

30 

1.01  E-oe  5.0 

7.95E-04 

7.35E-I-02 

2330 

2.9SE-04 

3.70E+05 

3.01  E-10 

7.76 

2155 

1.63E-02 

S73 

red  FILcw  (cl4^C=1  6),S73 

2.6 

30 

1.01  E-06  5.0 

7.95E  04 

785E402 

4431 

1  56E  04 

1  94E+05 

l.&eE  10 

633 

2156 

3-11E  02 

S74 

red  FiLewci/Fel  .6+tmul,S74 

2-5 

30 

1.01  e-06  5-0 

7.95E-04 

7.65E402 

3190 

2  17E-04 

2.70E+CI5 

2.20E-1 0 

4  15 

1097 

2.24E^2 

S75 

red.FlLew  sed.di/Fe0.3.S75 

2.5 

30 

1.01  E-06  5.0 

7.96E-04 

7.85E402 

2205 

3.02E-04 

3.75E+05 

3.06E-1 0 

56.6 

2014 

1.61  E4)2 

376 

ox.Fl  Lewis  sediment 

0.0025 

& 

2,02E-10  1,0 

1.50E-O6 

7.e5E403 

244,2 

2.e4E-03 

e.82E+l2 

5,75E-1 3 

78,9 

2014 

3,42E-07 

377 

ox.  Ft  Lewis  sediment 

2.50F-05 

100 

3.37E-11  5.0 

7.9SF-06 

239E40S 

2S8.8 

2  6BE-03 

9  9BE+12 

9.04F-14 

ao.s 

2014 

6.0SE03 

S76 

ox.Ft  Lewis  sedimeni 

2-50E-W 

100 

3.37E-12  5.0 

795E-08 

2.36E405 

384.2 

1.80E-03 

9  72E+13 

8.09E-15 

73.9 

2014 

a.9eE+)9 

S79 

reducad  Ft  Lewis  sed.  (d/Fe=23) 

0.0025 

6 

2.02  E- 10  1.0 

1  .S9F-04 

7.BSE+05 

3667 

1.39E-04 

S.87E+a9 

3.83F-1 4 

12.4 

2014 

5.14E-06 

380 

reduced  FI  Lewis  sed.  (d/Fe=28) 

2.ME-0& 

100 

3,37E-11  5-0 

7.9I5E-04 

2.365407 

4517 

1.53E-04 

5.72E+08 

5.16E-15 

15.1 

2014 

1.06E06 

391 

reduced  F|  Lewis  sed.  (d/Fe=28J 

2.50E-06 

100 

3.37  E- 12  5.0 

795E-04 

236E40a 

4661 

1.43E-04 

53IE+IO 

4.81  E-1  a 

10.4 

2014 

1.14E-07 

west 

reduced  Ft  Lewis  sed  (di/Fe  =  30) 

25.0 

5 

2.02E-06  1 .0 

1 .59F-04 

785E401 

37000 

1.07E-O5 

582E+04 

3.79F-11 

2.7 

1416 

5.19E-01 

wes2 

reduced  Ft  Lewis  sed  (di/Fe  =  1 .5) 

25.0 

9 
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The  comparison  of  NDMA  degradation 
rate  to  NDMA  mineralization  rate  should 
show  a  correlation  in  reduced  sediment,  if 
mineralization  occurred  on  the  same 
surface  sites  that  NDMA  was  initially 
degraded  to  DMA  on.  Reduced  sediment 
with  greater  ferrous  iron  degraded  NDMA 
more  quickly  (x-axis,  Figure  5.14),  but 
there  was  essentially  no  correlation  with 
the  mineralization  rate,  which  appeared  to 
proceed  at  about  the  same  rate  in  all 
reduced  sediment.  Nearly  all  of  the  data 
points  were  from  batch  experiments. 
Because  there  is  a  good  correlation 
between  ferrous  iron  and  the  NDMA 
degradation  rate  (Figure  5.12a),  but  not 
with  abiotic  NDMA  mineralization,  this 
suggests  a  rate  limiting  step  for  minerali¬ 
zation  that  is  not  a  function  of  the  ferrous 
iron  concentration. 
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Figure  5.14.  Correlation  of  NDMA  degradation  and 
mineralization  in  reduced  and  oxic  sediments. 


The  only  exceptions  were  the  1-D  column  experiments  (open  green  squares.  Figure  5.14),  which 
did  show  a  higher  NDMA  mineralization  rate.  Overall,  this  comparison  shows  that  the  most 
rapid  NDMA  mineralization  rates  were  observed  in:  a)  batch  systems  with  oxic  sediment,  and 
b)  1-D  column  systems  with  reduced  sediment,  which  points  to  either  ex  situ  oxic  bioreactor  or 
an  in  situ  reduced  sediment  zone  (and  not  in  situ  bioremediation). 

A  comparison  of  NDMA  mineralization  rate  (as  a  half-life)  to  mineralization  extent  shows  a 
general  correlation  (Figure  5.15)  that  indicates  oxic  bioreactors  are  the  most  efficient  systems. 
Certainly,  the  highest  mineralization  extents  (70%  to  80%)  were  in  oxic  sediments.  However,  in 
1-D  columns  (noted  in  Figure  5.15)  showed  that  the  NDMA  mineralization  rate  observed  in 
reduced  sediment  columns  were  as  fast  as  any 
batch  bioreactor  (and  55  times  faster  than  1-D 
columns  with  oxic,  biostimulated  sediment). 

The  mineralization  extent  in  the  reduced 
sediment  columns  was  low  to  moderate 
(2.2%,  6.2%,  and  16.8%;  higher  than  any 
reduced  batch  system),  but  these  were  limited 
by  the  flow  rate  in  the  columns  (i.e.,  experi¬ 
ments  were  not  exhaustive  to  conduct  longer 
residence  times  that  should  result  in  higher 
mineralization  extents.  In  comparison,  the 
mineralization  extents  for  comparable  batch 
systems  were  for  800  to  3200  hours. 

Mineralization  rate  and  extent  for  microbial 
isolates  (crosses)  followed  the  same  trend 
observed  in  sediment  systems. 
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Figure  5.15.  NDMA  mineralization  extent  and 
rate. 
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Figure  5.16.  NDMA  concentration  and  resulting 
mineralization  rate  (a)  and  mineralization  extent  (b). 


Finally,  because  NDMA  needs  to  be  reme¬ 
diated  to  parts  per  trillion  levels,  sufficient 
experiments  were  conducted  to  characterize 
NDMA  mineralization  rate  and  extent  as  a 
function  of  the  NDMA  concentration 
(Figure  5.16).  The  NDMA  mineralization 
rate  did  not  change  with  NDMA  concen¬ 
tration  in  oxic  sediments  (Aerojet  and 
Ft.  Lewis,  Figure  5.16a,  squares),  which  is 
presumably  due  to  the  co-metabolic  degra¬ 
dation  of  NDMA  does  not  control  the 
metabolic  process  (i.e.,  a  primary  substrate 
would  generally  show  a  decrease  in  reaction 
rate  with  lower  concentration.  The  NDMA 
mineralization  rate  for  reduced  sediment 
(Aerojet  and  Ft.  Lewis,  Figure  5.16a, 
diamonds  and  triangles)  also  did  not  change 
with  NDMA  concentration.  Since  reduced 
systems  are  controlled  by  abiotic  NDMA 
by  adsorbed  ferrous  iron,  as  the  NDMA 
concentration  decreases,  the  ferrous  iron/ 
NDMA  ratio  increases  and  it  is  expected 
that  the  observed  mineralization  rate  would 
increase.  The  NDMA  mineralization  rate 
in  sequential  reduced/oxic  systems  showed 
slower  rates  than  either  oxic  or  reduced 
sediment  systems.  Mineralization  rates  in 
large  laboratory  1-D  columns  showed  more 
rapid  rates  in  reduced  sediment  systems 
(green  open  squares)  than  oxic/ 
biostimulated  systems  (open  red  diamonds). 


The  NDMA  mineralization  extent  did  not  vary  with  NDMA  concentration  in  reduced  sediment 
(Figure  5.16b),  but  did  increase  with  lower  NDMA  concentration  for  the  oxic  Ft.  Lewis  sediment 
(but  not  the  oxic  Aerojet  sediment).  Mineralization  extent  in  these  batch  systems  is  somewhat  a 
function  of  the  total  time  of  the  experiment  (varied  from  800  to  3200  hours),  but  in  most  cases, 
mineralization  ceased,  as  other  microbial  nutrients  were  limiting  (i.e.,  microbial  biomass  in 
Figure  5.9c).  In  general,  batch  systems  containing  only  microbial  isolates  were  better  able  to 
utilize  the  NDMA,  and  produced  a  higher  mineralization  extent. 


5.3  Viability  of  Processes  for  Field-Scale  In  Situ  Remediation 

The  specific  questions  needed  to  justify  upscaling  the  laboratory-scale  results  to  a  single  well 
proof-of-principle  are:  a)  is  NDMA  degraded  at  a  sufficiently  rapid  rate  under  field  conditions, 
b)  is  NDMA  degraded  to  a  nontoxic  product,  c)  can  the  treatment  process  be  implemented  at 
field  scale,  and  d)  can  the  field  site  be  monitored  to  prove  the  treatment  worked?  ft  was 
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originally  hypothesized  in  the  proposal  of  this  project  that  NDMA  mineralization  was  needed  in 
order  to  remediate  NDMA  at  the  field  scale.  Recent  evidence  shows  that  NDMA  is  degraded  in 
reduced  sediments  to  DMA,  which  is  nontoxic.  This  reduction  of  risk  may  be  sufficient  for 
remediation,  even  though  the  intermediates  are  not  mineralized.  However,  DMA  is  further 
degraded  in  both  oxic  and  reduced  sediment-water  systems  to  other  intermediates  that  are  more 
toxic. 

At  the  highest  recorded  NDMA  concentration  in  the  Aerojet  aquifer  (36  ppb),  the  NDMA  is 
estimated  to  degrade  with  a  0.26-hour  half-life  (highly  reduced  sediment)  to  7.2-hour  half-life 
(partially  reduced  sediment).  NDMA  needs  to  be  degraded  to  the  action  limit  of  0.7  ppt  in  order 
to  be  a  viable  remediation  strategy.  Laboratory  results  show  that  NDMA  can  be  degraded  to 
<3  ppt,  which  is  the  detection  limit  for  the  '"^C-NDMA  method  (Figure  4.54).  Given  a  range  of 
groundwater  flow  velocity  (0.01  to  0.1  ft/day)  and  barrier  width  (10-  to  30-ft  diameter),  NDMA 
will  be  degraded  to  below  the  action  limit  in  all  cases  except  those  at  very  high  velocity  near 
pumping  wells  (1.0  ft/day).  In  addition,  experimental  results  show  that  a  small,  highly  reduced 
zone  would  be  more  effective  than  a  larger  zone  with  low  reduction,  so  a  field  injection  strategy 
should  be  designed  as  such  (Szecsody  et  al.  2007b).  Highly  reduced  sediment  degrade  NDMA 
rapidly  in  1-D  sediment  columns  (Figure  5.17a);  ~10  to  55  times  more  rapid  than  oxic  (biotic) 
reactions  in  biostimulated  1-D  columns. 


Therefore,  although  NDMA  is  degraded  to  nontoxic  DMA,  because  it  degraded  further,  minerali¬ 
zation  of  NDMA  should  be  the  focus  of  field-scale  remediate,  as  it  represents  the  lowest  risk. 
Numerous  batch  experiments  were  conducted  in  this  study  to  characterize  NDMA  mineralization 
in  oxic,  anaerobic,  and  reduced  sediment-water  systems.  In  the  final  year  of  the  project,  a  series 
of  large-scale  1-D  columns  were  conducted  with  reduced 
sediment,  oxic  sediment,  and  sequential  reduced,  then  oxic 
sediment,  at  the  high  sediment/water  ratio  of  field  aquifers 
with  advective  flow  over  thousands  of  hours  to  provide 
insight  into  the  relative  reactivity  of  the  systems.  The  j 

results  are  significant,  and  demonstrate  the  importance  of  ] 
scaling  up  batch  results  to  field  relevant  systems. 


In  batch  systems,  NDMA  mineralization  was  generally 
10  times  more  rapid  in  the  oxic,  biostimulated  sediment 
systems  compared  to  the  same  sediment  under  iron-reducing 
conditions.  Mineralization  rates  were  an  order  of  magnitude 
slower  under  iron-reducing  conditions  for  the  same  sediment 
(mineralization  half-life  in  oxic  Aerojet  sediment  =  342  ± 

36  hours,  reduced  Aerojet  sediment  =  3475  ±  504  hours; 
oxic  Ft.  Lewis  sediment  =  282  hours,  anaerobic  Ft.  Lewis 
sediment  =  611  hours,  reduced  Ft.  Lewis  sediment  = 

2330  hours).  However,  in  the  large-scale  1-D  columns, 
NDMA  mineralization  is  most  rapid  in  the  reduced  sediment 
(half-life  410  ±  147  hours.  Figure  5.17b),  followed  by  the 
oxic  sediment  with  propane/air  addition  (half-life  2293  ± 
1866  hours),  then  the  coupled  reduced-oxic  columns  (half- 
life  3180  ±  1094  hours).  Batch  studies  for  two  sediments 
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Figure  5.17.  NDMA  degradation 
and  mineralization  rates  in  reduced, 
oxic,  and  sequential  1-D  columns. 


5.19 


with  and  without  a  bactericide  clearly  showed  NDMA  mineralization  in  reduced  sediment  was 
predominantly  abiotic.  The  comparison  of  oxic  to  reduced  system  mineralization  was  in  contrast 
to  previous  batch  studies,  which  showed  ~10  times  more  rapid  NDMA  mineralization  in  oxic 
sediment  was  188  times  slower  in  these  column  systems  than  predicted  from  batch  studies. 

These  results  are  not  surprising,  as  column  systems  exhibit  significantly  less  mixing  than  in 
batch  systems,  so  much  of  the  microbial  population  may  be  nutrient  limited.  NDMA  minerali¬ 
zation  in  the  reduced  sediment  was  4  times  slower  in  these  column  systems  than  predicted  from 
batch  studies,  which  is  reasonable  due  to  the  slight  additional  mixing  limitations  for  an  abiotic 
reaction  in  the  column  system. 

Abiotic  reactivity  scales  relatively  well  as  the  sediment/water  ratio  increases,  as  the  ability  to 
degrade  and  mineralize  NDMA  increases  as  the  ferrous  iron/NDMA  ratio  (sediment/water  ratio) 
increases.  Scaling  up  oxic  biodegradation  of  NDMA  in  from  small  batch  systems  to  large  1-D 
columns  was  significantly  less  efficient  and  most  likely  reflects  the  lack  of  ability  to  deliver 
major  and/or  trace  nutrients  to  microbes  throughout  the  column.  NDMA  degradation  in  the 
sequential  reduced-oxic  sediment  systems  was  slightly  (2  times)  more  rapid  (17.2  ±  14.5-hour 
half-life)  than  reduced  sediment  alone  (32.1  ±  4.2  hours;  Figure  5.17a),  as  caused  by  the 
(inefficient  and  slow)  downgradient  biodegradation  in  the  oxic  sediment  column.  NDMA 
mineralization  rates  in  the  sequential  reduced-oxic  sediment  systems  (3180  ±  1094  hours)  were 
slightly  (40%)  slower  than  in  the  oxic  columns  (2293  ±  1866  hours).  Both  these  data  sets 
indicate  sequential  degradation  was  inefficient,  caused  either  by  NDMA  degradation  inter¬ 
mediates  from  the  upgradient  reduced  column  not  being  biodegraded  as  easily  as  NDMA  itself 
and/or  removal  of  dissolved  oxygen  from  the  water  that  is  injected  into  the  down  gradient  oxic 
column  (with  air/propane)  was  not  efficiently  maintaining  an  oxic  environment. 
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Results  in  this  study  demonstrate  that  dithionite-reduced  aquifer  sediment  degrades  NDMA 
rapidly  (half-life  32.1  hours  in  a  column  system)  and  also  mineralizes  NDMA  slowly  (half-life 
410  hours  in  a  column  system).  This  reactivity  was  maintained  for  84  pore  volumes,  when 
experiments  ended  (Figure  5.18).  It  is  expected  that  the  reactivity  would  last  longer,  but  at  some 

point,  the  ability  of  the  reduced  sediment  to 
degrade/mineralize  NDMA  would  decrease. 
Dithionite-reduced  sediment  results  in  the 
dissolution  of  ferric  oxides  and  the  creation 
of  predominantly  adsorbed  ferrous  iron  on 
oxide/clay  surfaces.  For  the  Aerojet 
sediment  (natural  pH  9.1),  the  resulting  pH 
of  the  dithionite/carbonate  treatment  was 
10.5).  There  may  be  other,  more  efficient 
methods  to  create  an  iron-reducing 
environment  in  the  subsurface  that  have 
this  or  greater  reactivity,  which  should  be 
investigated  in  future  studies.  Mixtures  of 
zero  valent  iron  with  sediment  did  not 
show  significant  reactivity  with  NDMA 
(Section  4.1.10)  nor  did  it  enhance  NDMA 
mineralization  (Figure  4.46d),  although 
the  development  of  a  reduced  zone  in 
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Figure  5.18.  Longevity  of  reactivity  in  column 
systems. 
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sedment/zero  valent  iron  mixtures  can  take  hundreds  of  hours.  Biostimulation  is  commonly  used 
at  field  scale  to  create  an  iron-  or  sulfate-reducing  environment,  which  may  be  and  efficient 
method  to  create  a  zone  to  abiotically  mineralize  NDMA.  Additions  of  ferrous  nitrate  or  some 
other  means  to  inject  ferrous  iron  may  also  be  used  to  create  a  subsurface  zone  containing 
sufficient  reductive  capacity  and  appropriate  electron  transfer  surfaces  to  mineralize  NDMA. 
Although  NDMA  mineralization  in  batch  systems  was  of  a  moderate  rate  in  batch  systems 
(342-hour  half-life),  biomineralization  of  NDMA  in  column  systems  tested  was  inefficient  (half- 
life  2293  hours)  likely  due  to  nutrient  limitations.  Numerous  experiments  evaluating  additions  to 
stimulate  in  situ  microbial  activity  were  largely  ineffective.  However,  ex  situ  bioreactors 
utilizing  appropriate  monooxygenase  isolates  is  very  successful.  Therefore,  based  on  the  results 
of  this  study  field-scale  remediation  of  NDMA  should  likely  focus  on  a  comparison  of  in  situ 
abiotic  NDMA  mineralization  (iron-reducing  environments)  to  ex  situ  biomineralization. 
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Appendix  A.l  Task  1.1  NDMA  Aqueous  Stability 
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Appendix  A.2  Task  1.2  NDMA  Degradation  by  Natural  Minerals 


S26;  NDMA  deg.  by  high-surface  silica 
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Appendix  A.3  Task  1.3  NDMA  Degradation  by  Reduced  Sediment  (Batch) 
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S25;  NDMA  deg.  by  red.  sed. 
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S21-25;  NDMA  deg.  by  Dith.  red.  sed. 
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Appendix  A.4  Task  1.4  NDMA  Degradation  in  Rednced/Chemically  Modified 
Sediment 
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Appendix  A.5  Task  1.5  NDMA  Degradation  by  Chemically  Modified  2:1  Smectite 
Clays 


1.0 


0.5 


0.0 

1  10  Time(h)  100  1000 

600.0 
500.0 
400.0 
300.0 
200.0 
100.0 
0.0 

1  10  Time(h)  100  1000 


S45;  NDMA  deg.  by  untreated 
2:1  smectite  clay 


S45;  NDMA  deg.  by  untreated 


2:1  smectite  clay 


area  (mAU)  NDMA  C/Co 


S46;  NDMA  degradation  by  dith.  red  2:1 
smectite  ciay  w/struct.  +  ads.  Fe 


S46;  NDMA  degradation  by  dith.  red  2:1 
smectite  ciay  w/struct.  +  ads.  Fe 


area  (mAU)  NDMA  C/Co 


NDMA  Deg.  on  Clay:  Influence  of  Treatment 


S47;  NDMA  degradation  by  dith.  red  2:1 
smectite  ciay  w/  struct.  Fe  oniy 


area  (mAU)  NDMA  C/Co 


NDMA  Deg.  on  Clay:  Influence  of  Treatment 

1.0n  ^  - 


S48;  NDMA  degradation  by  dith.  red  2:1 
smectite  clay  w/  0.5M  HCI  treatment 


area  (mAU)  NDMA  C/Co 


NDMA  Deg.  on  Clay:  Influence  of  Treatment 

1.0n  ^  - 


S49;  NDMA  degradation  by  dith.  red  2:1 
smectite  clay  w/  1.0M  HCI  treatment 


NDMA  C/Co  NDMA 


NDMA  Deg.  on  Clay:  Influence  of  Reduction 


0.0 


NDMA  Degradation  in  Reduced  Clays 


0.05  g  clay  +  5  mL  2.5  mg/L  NDMA 
1 .82E-5  mol  Fe 
1.69E-7  mol  NDMA 
Fe/NDMA=  107 


untreated  2:1  clay 
dithionite-reduced  2:1  clay 
dith.-red.  2:1  clay,  no  ads.  Fe(ll) 
dith.-red.  2:1  clay  +  1  hof0.5M  HCI 
dith.-red.  2:1  clay  +  200  h  of  1M  HCI 


10 


100 


1000 


1 


Time  (h) 


NDMA  C/Co 


S45-49;  NDMA  deg.  by  dith.  red. 
2:1  smectite  clay,  Montmorillonite 


Unknown  adsorbance  (mAU)  NDMA  C/Co 


Appendix  A.6  Task  1.6  NDMA  Degradation  by  Zero  Valent  Iron 
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S41;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 
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S42;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 
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S58;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 


S58;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 


area  (mAU)  NDMA  C/Co 


S59;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 
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S60;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 
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S61;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 
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S58-61;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 
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S63;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 
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S65;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 
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S62-65;  NDMA  deg.  by  Zero  Valent  Iron  (ZVI) 


Appendix  A.7  Task  1.7  NDMA  Degradation  Rate  and  Fe/NDMA  Molar  Ratio 
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Appendix  A.8  Task  1.8  NDMA  Degradation  by  Reduced  Sediment  During  1-D  Flow 


W01;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  37,  2.5  mg/L,  22X 

1.0 

0.5 

0.0 

W01;  NDMA  deg.  by  red.  Ft.  Lewis 

2*dith./Fe  =  37,  2.5  mg/L,  22X 

600  >  a  > 

500 
400 
300 
200 
100 
0 

0  1  2  3  4  5 

PV 


NDMA  C/CO 
42  h/PV 

det.  lim.  0.07  mg/L 


0  1  2  3  4  5 

PV 


W02;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  22,  2.5  mg/L,  22°C 


det.  lim.  0.07  mg/L 
+/- 1 .0% 


1 


NDMA  C/CO 
54  h/PV 


1  ^  ^  ^  r 

2  3  4 

PV 


W02;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  22,  2.5  mg/L,  22X 


Unknown  degradtaion 
product  @  2.5  min  RT 


W03;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  13,  2.5  mg/L,  22°C 


det.  lim.  0.07  mg/L 
+/- 1 .0% 


1 


NDMA  C/CO 
69  h/PV 


1  ^  ^  ^  r 

2  3  4 

PV 


W03;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  13,  2.5  mg/L,  22X 


Unknown  degradtaion 
product  @  2.5  min 


W04;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  4.1,  2.5  mg/L,  22°C 


NDMA  C/CO 
75  h/PV 

det.  lim.  0.07  mg/L 
+/- 1 .0% 

^  ^  ^  ^  ^  ^  ^  ^ 

112  3  4 

PV 

W04;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  4.1,  2.5  mg/L,  22°C 


Unknown  degradtaion 
product  @  2.5  min 


W01-4;  NDMA  deg.  by  red.  Ft.  Lewis 
during  1-D  flow  @  2.5  mg/L,  22°C 


2*Dith/Fe  =  4, 


12  3  4 

PV 


W01-4;  NDMA  deg.  by  red.  Ft.  Lewis 
during  1-D  flow  @  2.5  mg/L,  22°C 


^  13,  69  h 


W05  (2nd  Trial);  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  37,  0.25  mg/L,  22‘’C 

NDMA  C/CO 
12.1  h/PV 


det.  lim.  0.07  mg/L 
+/- 1 .0% 

0  1  2 


3  4 

PV 


W05  (2nd  Trial);  NDMA  deg.  by  red.  Ft.  Lewis 
^  2*dith./Fe  =  37,  0.25  mg/L,  22‘’C 

unknown  degradation  product 
@  2.5  min  (~50%  NDMA  ret.  time) 


1st  Point 
area  =  5700 


NDMA  C/Co 


W06  (2nd  Trial);  NDMA  deg.  by  red.  Ft.  Lewis 


2*dith./Fe  =  22,  0.25  mg/L,  22°C 


0  1  2  3  4  5  6  7 


PV 

W06  (2nd  Trial);  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  22,  0.25  mg/L,  22‘’C 

unknown  degradation  product 
@  2.5  min  (~50%  NDMA  ret.  time) 


W05-8  (2nd  Trial);  NDMA  deg.  by  red.  Ft.  Lewis 


during  1-D  flow  @  0.25  mg/L,  22°C 


0  1  2  3  4  5  6  7 


PV 

W05-8  (2nd  Trial);  NDMA  deg.  by  red.  Ft.  Lewis 


durinq  1-D  flow  (a)  0.25  mq/L,  22°C 


W09;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  37,  2.5  mg/L,  34°C 


NDMA  C/CO 
46.4  h/PV 


det.  lim.  0.07  mg/L 
+/- 1 .0% 

1  2  3  4  5 

PV 

W10;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  22,  2.5  mg/L,  34°C 


NDMA  C/CO 
44.1  h/PV 


det.  lim.  0.07  mg/L 
+/- 1 .0% 


W11;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  13,  2.5  mg/L,  34°C 


NDMA  C/CO 
60.3  h/PV 


det.  lim.  0.07  mg/L 
+/- 1 .0% 

^  ^  ^  ^  ^  ^  ^  ^  ^  r“ 

1  2  3  4  5 

PV 

W12;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  4,  2.5  mg/L,  34X 


NDMA  C/CO 
74.2  h/PV 


det.  lim.  0.07  mg/L 
+/- 1.0% 


NDMA  C/Co 


W09-12;  NDMA  deg.  by  red.  Ft.  Lewis 
during  1-D  flow  @  2.5  mg/L,  34°C 


0  1  2  3  4  5  6 


PV 


Comments  on  NDMA  deg  by  1-D 
flow  @  34°C 

HPLC  analysis  on  previous  two  column  studies 
at  22°C  (room  temp)  showed  a  very  clean  NDMA 
peak  at  5.0  minutes  and  an  inversely  proportionate 
peak  at  4.5  minutes. 

HPLC  analysis  on  this  set  at  34°C  (using  column 
heater)  still  shows  a  very  clean  NDMA  peak,  none 
of  the  4.5  minute  peak,  and  a  number  of  new  very 
low  and  flat  peaks,  some  up  to  1 .5  minutes  wide, 
between  2  and  4  minutes. 

None  of  the  analyzed  samples  had  any  peaks 
breaking  through  after  NDMA. 


W13;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  37,  2.5  mg/L,  45°C 

NDMA  C/CO 
54.3  h/PV 


♦ 


det.  lim.  0.07  mg/L 
+/- 1 .0% 

1  2  3  4  5 

PV 

W14;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  22,  2.5  mg/L,  45°C 

NDMA  C/CO 
49.6  h/PV 


A- 


det.  lim.  0.07  mg/L 
+/- 1 .0% 


NDMA  C/Co  NDMA  C/Co 


W13-16;  NDMA  deg.  by  red.  Ft.  Lewis 
during  1-D  flow  @  2.5  mg/L,  45°C 


0  1  2  3  4  5 


PV 


W17;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  37,  2.5  mg/L,  56°C 


W18;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  22,  2.5  mg/L,  56°C 

NDMA  C/CO 
42.4  h/PV 


1  ^  ^  ^  ^  ^  ^  ^  r 

1  2  3  4  5 

PV 


W19;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  13,  2.5  mg/L,  56°C 


NDMA  C/CO 
38.3  h/PV 


W20;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith./Fe  =  4,  2.5  mg/L,  56X 


- B - B - B- - S 

NDMA  C/CO 
43.0  h/PV 


det.  lim.  0.07  mg/L 
+/- 1 .0% 

-n  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^ 

1  2  3  4  5 

PV 

W17-20;  NDMA  deg.  by  red.  Ft.  Lewis 


2*Dith/Fe  =  37, 
44.3  h/PV 


det.  lim.  0.07  mg/L 
+/- 1 .0% 


NDMA  C/Co  NDMA  C/Co 


NDMA  C/Co  NDMA  C/Co 


W3, 7, 11, 15, 19;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith/Fe  =  13  vs  temp 


NDMA  C0=2.5  mg/L 

W19;  56C, 

W15;  45C, 

42.4  h/PV 

38.3  h/PV 

W7;  22C, 

10.7  h/PV  Vo-t 

'O 

(COxO.1) 

W1 1 ;  34C, 
60.3  h/PV 

det.  lim.  0.07  mg/L 

W3;  22C, 

+/- 1 .0% 

69  h/PV 

W4,8,12,16,20;  NDMA  deg.  by  red.  Ft.  Lewis 
2*dith/Fe  =  4.1  vs  temp 

W16;  45C,  50.0  h/PV 

^  %U^^4.2  h/PV 


W4;  22C,  75  h/PV 


W8;  22C, 
12.1  h/PV 
(COxO.1) 


NDMA  C0=2.5  mg/L 


det.  lim.  0.07  mg/L 
+/- 1 .0% 


NDMA  C/Co  NDMA  C/Co  NDMA  C/Co 
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W112  NDMA  1-D  Transport/Deg.,  red.  Aerojet  sed. 


•  • 

•  • 

NDMA  Co  =  2.58  mg/L 
2*Di/Fe  =  28,  red.=W110 

27.4  h/PV,  Q  =  0.18  mL/h 

L=  0.01 8/h,  half-life  =  38.6  h 

det.  lim. 

NDMA  0.07  mg/L  +/-1.0% 

0.5 


0.0 


2  3  4  PV  5  6  7 

W113  NDMA  1-D  Transport/Deg.,  red.  Aerojet  sed. 


T 
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T 
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1.0 


0.5 
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•  i 

•  •  • 

NDMA  Co  =  2.58  mg/L 

2*di/Fe  =  26,  red.=W21 

27.4  h/PV,  Q  =  0.18  mL/h 

L=  0.0071 /h,  half-life  =  98.1  h 

det.  lim. 

NDMA  0.07  mg/L  +/- 1.0% 

T 

2  3  4  PV  5  6  7 

W114  NDMA  1-D  Transport/Deg.,  red.  Aerojet  sed. 
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1.0 


0.5 
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NDMA  Co  =  0.26  mg/L 
2*di/Fe  =  28,  red.=W110 
1 1 1  h/PV, 

L=  0.00296/h,  half-life  =  234  h 


det.  lim. 

NDMA  0.07  mg/L  +/- 1.0% 


0 


PV 


NDMAC/Co  NDMAC/Co 


W115  NDMA  1-D  Transport/Deg.,  red.  Aerojet  sed. 


0.5 


0.0 

0  1  PV  2  3 


NDMA  Co  =  0.26  mg/L 

det.  lim. 

2*di/Fe  =  26,  red.=W21 

NDMA  0.07  mg/L  +/-  1.0% 

54  h/PV, 

L=  0.0724/h,  half-life  =  9.56  h 

i  i  i  1 

NDMA  C/Co  NDMA  C/Co 
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0.0 

0  1  pore  volumes  2 

1.0 


0.5 


0.0 

2  3  pore  volumes  4 


W116  NDMA  1-D  Flow  and  Degradation 


1-D  Flow,  119  h/pv,  pH  7.07 
Red.  Sed:  di/Fe  =  28  WHO 
NDMA  initial  =  2.19  mg/L 
degradation:  0.0021 7/h,  319  h 
det.  lim.  NDMA  0.07  mg/L  +/- 1.0% 


NDMA  C/Co  NDMA  C/Co 


W118  NDMA  1-D  Flow  and  Degradation 

,A, 

4 

A-'' 

1-D  Flow,  92.4  h/pv,  pH  9.05 

''A, 

Red.  Sed:di/Fe  =  28W110 

'A 

NDMA  initial  =  2.21  mg/L 
degradation:  0.01 34/h,  51.6  h 
det.  lim.  NDMA  0.07  mg/L  +/- 1 .0% 

2  pore  volumes  3 


1.0 


W119  NDMA  1-D  Flow  and  Degradation 


0  5_  1-D  Flow,  59.4  h/pv,  pH  10.30 
Red.  Sed:di/Fe  =  28W110 
NDMA  initial  =  2.23  mg/L 
■  degradation:  0.001 57/h,  442  h 
to0.0325/h,  21. 3h 

Q  Q  det.  lim.  NDMA  0.07  mg/L  +/- 1.0% 


pore  volumes 


Stop-flow  1-D  Columns 


C/Co  C/Co 


Appendix  A.9  Task  1.9  NDMA  Degradation  in  1-D  Colnmns  with  DMA  Analysis 


W120;  NDMA  deg  by  stopped  flow  column 

•  •  NDMAC  ~  2.5  mg/L 

•  0 

•  • NDMA 


DMA 

- mh - ^ ^ — m — ^ ^ ^ 

0  200  400  600  800 

det.  lim.  Elapsed  Time  (h) 

NDMA  0.07  mg/L  +/- 1.0%,  DMA  0.025  mg/L  +/-  4.9% 

W121;  NDMA  deg  by  stopped  flow  column 

#  NDMAC  -0.9  mg/L 

•  #  NDMA 


DMA 


200  400  600 

Elapsed  Time  (h) 


NDMA  C/Co  NDMA  C/Co 


W98;  NDMA  deg.  by  red.  Ft.  Lewis,  67.0  h/PV 


oxygen  (mV)  ^  oxygen  (mV)  ^  NDMA  C/CO 


W96-99;  NDMA  =>  DMA  degradation  by 
Red.  Ft.  Lewis  durring  1-D  flow 

NDMA  C  =2.1  mg/L  ^93 

14h/PV 


W97 
147  h/PV 


_ ^  W97 

33  h/PV 

W98 
67  h/PV 


NDMA 

-C/C 


det.  lim. 

NDMA  0.07  mg/L  +/-1.0% 
DMA  0.02  mg/L  +/-  4.9% 


-O 


DMA:NDMA 
C/C^  (mohmol) 


1 47  h 
67.0  h 
/  33.3  h 
^13.7  h 


0.10 

0.05 

0.05 


W108:  Dissolved  O  Breakthrough,  Probe  2 

2  pv 


0  100 

1 _ ^ _ J _ L 

200 

_ ^ _ 
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_ 1 _ 1 _ 

o  -  -  -Q  -  -  o  -  -  o - ..s  -  -  >s  -  -  - - 

Column  plugged 

V  O  O  O  o  o  O  ( 

159PVx1.93cmVpV 

^  o  o  Trdtn  "TSh  on  o  °  ° 

°  A 

x1 .05umol/cm^  x1/6.64g 
=  48.53umol  Fe/g  ° 

'  ('l/ff/ 

^  :  -  -  o  -  -o-  -  -i- 

•  i/i  :  © 

- -©--6 -^6- --0_ 

0  50 

100 

15 

time  (h) 

Q=  4.01  mL/h;  residence  time=  0.471  h  (assumed) 
column:  0.765  cm  dia.x  10.0  cm  length 

XC  =  0.460cm  %ol  =  4.60cm  ^ 
p  =  1 .443  g/cm^,0=  0.420  cm^/cm^ 


0  5  3  M=  1/[sat-free]=  0.0451 
S  b=-[free*M]= -0.161 

CM 

O 

0  ^ 


W1 08-1 09  were  reduced  in  series 
from  a  newly  opened  and  mixed  jar 
of  dithionite  originally  aquired  in  2004. 
W108  was  the  front-half  of  the  reduction. 


W109:  Dissolved  O  Breakthrough,  Probe  2 

2  PV 

200  400  600  800  1000 


^ -oooccc^socgcg/: 

100 


.286.7PVx2.05crn'?/PV  »  ^ 

x1.05umol/cm^  x1/6.16g=  100.19urnol  Fe/g 

XXX»3CGa33GGGOaXXX:feoOGO303333333OCa!mAX)36^^ 

200  300  400  500 


5  M=1/[sat-free]=  0.0414 
0.5  S  b=-[free*M]= -0.0128 


200  300  400 

time  (h) 

Q=  4.20mL/h;  residence  time=  0.498h 
column:  0.765  cm  dia.x  10.0  cm  length 

XC  =  0.460cm  %ol  =  4.60cm  ^ 


W1 08-1 09  were  reduced  in  series 
from  a  newly  opened  and  mixed  jar 
of  dithionite  originally  aquired  in  2004. 
W1 09  was  the  back-half  of  the  reduction. 


NDMA  C/Co  NDMA  C/Co 


W100;  NDMA  deg.  by  red.  Ft.  Lewis 
(2*Di/Fe  =  12),  15.0  h/PV 


NDMAC  =2.44mg/L 


1.0 


NDMA  C/C 


0 


o.sH 


det.  lim. 

nivyi A  r /r  NDMA  0.07  mg/L  +/- 1 .0% 

UMA  0/0^  Q  Q2  mg/L  +/-  4.9% 
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T 

4 


O  I  O — — Oi  O 


PV 
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10 


W101;  NDMA  deg.  by  red.  Ft.  Lewis 
(2*Di/Fe  =  12),  66.8  h/PV 

NDMAC  =  2.78  mg/L 


1.0 


NDMA  C/C 


0 


•  • 


•  •  • 


0.5H 


o 


DMA  C/C 


0 


det.  lim. 

NDMA  0.07  mg/L+/-  1.0% 
DMA  0.02  mg/L  +/-  4.9% 


0.0  '  o  o  o  o 


“T 
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“T“ 

10 


PV 
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NDMA  C/Co  NDMA  C/Co 


W102;  NDMA  deg.  by  red.  Aerojet  Comp. 

1.0 


0.5 


0.0 

W103;  NDMA  deg.  by  red.  Aerojet  Comp. 
(2*Di/Fe  =  26),  72.6  h/PV 

1.0 


0.5 


0.0 


4 
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PV 
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10 


NDMA  C/Co  NDMA  C/Co 


1.0 


0.5H 


0.0- 


W104;  NDMA  deg.  by  red.  Aerojet  Comp. 
(2*Di/Fe  =  3),  25.0  h/PV 

NDMAC  =2.44mg/L 


NDMA  C/C 


0 


DMA  C/C 

0 

□  I  □  □  □  iD  D 


det.  lim. 

NDMA  0.07  mg/L+/-  1.0% 
DMA  0.02  mg/L  +/-  4.9% 


“T“ 

6 


10 


PV 
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W105;  NDMA  deg.  by  red.  Aerojet  Comp. 
(2*Di/Fe  =  3),  134  h/PV 


i.oH 


NDMAC^  =  2.78^g/L 


NDMA  C/C 


0.5 


0.0- 


DMA  C/C 

0 

det.  lim. 

NDMA  0.07  mg/L  +/-  1 .0% 
DMA  0.02  mg/L  +/-  4.9% 

- B - 

^ - B - 

^ ^ _ 

2.5 


PV 


3.5 


W107;  NDMA  deg.  by  red.  Aerojet  Comp. 


(2*Di/Fe  =  0.4),  73.9  h/PV 


NDMA  (mg/L)  NDMA 


Appendix  A.IO  Task  1.10  NDMA  and  DMA  HPLC  calibrations  and  detection  limits 


S20  NDMA  HPLC  Calibration 


S20  NDMA  HPLC  Calibration 


area  (mAU) 


HPLC  area  response  (mAU)  HPLC  area  response  (mAU)  HPLC  area  response  (mAU) 


W95;  HPLC  Cal.  for  MDMA  from  stock  ampule  (5000  mg/L  in  MeOH) 
1.0  mg/L  MDMA  =>  0.6  mg/L  DMA  (complete  deg.) 


W93A;  HPLC  Cal.  for  DMA  from  2.0M  stock  (90160  mg/L  in  water) 


not  accurate  -  DNFB  peak  interfering  with  DMA  peak 

10000 

1000 

100 

10 

0.01  0.1  1  10 

DMA  calc.  (mg/L) 


:  dimethylamine  (DMA)  in  water,  pre-col.  deriv.  0.625:1  net  c 
using  0.04  M  Sangers's  Reagent  (DNFB), 

:  Conducted  08/23/06  by  BJD 
:  (average  DMA  deriv.  RT  8.0  min) 

:  Phenomonex  Bondclone  10,  C-18, 100A, 

300x3.9mm  col.  50  pL  inj.  0.8  mL/min 
,  60%  MeOH/40%  (0.2%)  Acetic  Acid,  pH  -4. 


y  =  641.7x  +80.1 
=  0.9999 


Lower  detection  limit-  0.1  mg/L 


W94;  HPLC  Cal.  for  DMA  from  2.0M  stock  (90160  mg/L  in  water)  0-2.5  mg/L 


DNFB:DMA  (mohmol)  >50 


DMA  deriv.  HPLC  resp.  (area)  Norm  DMA  cone. 


W94B;  DMA  aqueous  stability  w/derivatization 


1.0 

0.5 

0.0 

0  50  100  150 

Elapsed  Time  (h) 

W94;  Incomplete  DMA  derivativazation 

50000 

40000 

30000 

20000 

10000 

0 


DMA-derivativazation  HPLC  analysis  using 

Sanger's  Reagent  (DNFB)  2.0x10’^  M  (net) 

. -  A 

0 

44  mg/L  DMA 

A  , 

predicted  area 

DNFB  area. 

~  45000 

ratio  DNFB:DMA 

A 

(mohmol)  >50 

DNFB  area. 

ratio  DNFB:DMA 

<  2.5mg/L  DMA  area 
(derivative  resp.) 

(mohmol)  =  3 

^ ^ ^ ^ ^ ^ ^ - n 

0  10  20  30  40 


DMA  (mg/L) 


w/o  derivativization,  refrigerated  5C 


DMA  solution  was  analyzed  1h  after  preparing,  remaining 
solution  was  stored  for  5  days,  then  analyzed  again. 


50 


HPLC  peak  height  DMA  deriv.  HPLC  resp.  (area) 


W93B;  DMA  HPLC  response  vs.  Sanger's  (DNFB)  cone. 
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4000 

3000 

2000 

1000 

0 

0.001  0.002  0.003  0.004 

Sanger's  (DNFB)  net  cone.  (mol/L) 

W93B;  DMA  HPLC  response  vs.  Sanger's  (DNFB)  cone. 

1000 

800 

600 

400 

200 

0 

0.001  0.002  0.003  0.004 

Sanger's  (DNFB)  net  cone.  (mol/L) 


DNFB:DMA  (mohmol) 


10  20  30  40  50 


DNFB:DMA  (molimol) 

10  20  30  40  50 


DMA  cone.  =  4.89  mg/L  (7.051x10'^  M) 

- ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ - G) 


HPLC  area  response  (mAU)  HPLC  area  response  (mAU) 


W93A;  HPLC  Cal.  for  DMA  from  2.0M  stock  (90160  mg/L  in  water) 


W93A;  HPLC  Cal.  for  DMA  from  2.0M  stock  (90160  mg/L  in  water) 


not  accurate  -  DNFB  peak  interfering  with  DMA  peak 

10000 

1000 

100 

10 

0.01  0.1  1  10 

DMA  calc.  (mg/L) 


:  dimethylamine  (DMA)  in  water,  pre-col.  deriv.  0.625:1  net  c 
using  0.04  M  Sangers's  Reagent  (DNFB), 

:  Conducted  08/23/06  by  BJD 
:  (average  DMA  deriv.  RT  8.0  min) 

:  Phenomonex  Bondclone  10,  C-18, 100A, 

300x3.9mm  col.  50  jiL  inj.  0.8  mL/min 
,  60%  MeOH/40%  (0.2%)  Acetic  Acid,  pH  -4. 


y  =  641.7x  +80.1 
=  0.9999 


Lower  detection  limit-  0.1  mg/L 


C/Co  C/Co 


W93A;  DMA  vs.  Sanger's  Reagent  (DNFB)  relative  HPLC  response 


8  10^ 


7.8  10^ 


7.6  10^ 


7.4  10^ 


7.2  10  - 


7  10^ 


Sanger's  Reag.  (DNFB)  had  multiple  peaks  RT  4.5-7.5  min. 
DMA  derivative  had  a  RT  starting  at  7.5  min.  on  the  tail  of 
DNFB  peak,  all  DMA  cones,  reqd.  manual  integration 
Total  HPLC  response  area  varied  between 

4 


0-, 


DNFB  max  height  1250-1100  mAU 
DMA  peak  height  1-1000  mAU 
varied  directly  by  relative  cone. 


8.0x10  and  1.0x10  mAU - 


510  ' 


1  10  ' 


'  '  '  I  '  '  ' 

1.510  '' 

DMA  area  (mAU) 


210' 


2.510 


310' 


DMA  (area) 

DNFB  (area) 

24 

80535 

34 

80903 

40 

80769 

207 

80968 

193 

80764 

220 

80232 

418 

79710 

392 

79052 

437 

79216 

2105 

78122 

2126 

77820 

2134 

76694 

24811 

71800 

25093 

71852 

25365 

71756 

S126:  NDMA  in  40  mL  C18  Column,  25%  MeOH 


6  injections:  pea 

1 .0  mL  X  25  mg/L  NDMA 
Q  =  10.0  mL/min 
25%  MeOH/75%  H20 

density=0.9454g/mL 

start  peak  21.5  g 


columns: 

1 .0  cm  dia  x  25  cm 
1.1  cm  dia  X  22.6  cm 
41.12  cm3  total 

pore  vpl  =  1,6A5  mL 

^  end  peak  29  g 


S126: 

1.5 


I  '  '  '  '  I 

1.5  2  2.5 

time  (min) 


NDMA  in  40  mL  C18  Column,  12%  MeOH 


3  injections: 

1.0  mLx25  mg/L  NDMA 

Q  =  5.0  mL/min 

12%  MeOH/88%  H20 

start  peak  39  g 


columns: 

1.0  cm  dia  x  25  cm 
1.1  cm  dia  x  22.6  cm 
,41.12  cm3  tot,  pv=  16.45 

end  peak  . 52  g 


4  6 

time  (min) 


8 


10 


C/Co  C/Co  C/Co  C/Co 


Appendix  A.ll  Task  2.1  NDMA  Mineralization  in  Oxic/Anoxic  Sediment 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time(h)  100  1000 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time(h)  100  1000 


^  S67  NDMA  Mineralization 

j  anoxic  Ft  Lewis  sediment 

-  no  additions 

i  2.5  mg/L  NDMA 

— A - ^ 

- r-T-TT7T77^ 

/  C02 

^  ^  ^  1  1  1  1  r 

1.0^ 

0.8^ 

0.6i 

0.4^ 

0.2^ 

O.O^t 


S68 


S68  NDMA  Mineralization 
anoxic  Ft  Lewis  sediment 
bactericides  added 

gluterandehyde,  sodium  2-bromoethanesuifonat^ 
ammonium  moiybdate  tetrahydrate 
2.5  mg/L  NDMA 


C02 


1 


10  time  (h)  100 


1000 


^  S69  NDMA  Mineralization 

j  anoxic  Ft  Lewis  sediment 

J  glucose  added  C/N  20/1 

^  2.5  mg/L  NDMA 

^ 

i  4 

C02 

- r-l-T-TTT^^]  r'TTTT^I - ^ 

^  ^  ^  1  1  1  1  r 

10  time  (h)  100 


1000 


C/Co  C/Co  C/Co 


1.0  _ 

- 

S70  NDMA  Mineralization 

0.8i 

5  g  anoxic  Ft  Lewis  sediment 

0.6^ 

0.02  g  (0.4%)  ZVI  (1-2  micron,  S3700) 

- 

2.5  mg/L  NDMA 

0.4- 

— 

C02 

0.2^ 

A  S70 

0.0^ 

k - ^ ^ ^ — 1  1  1  1^ - ^ ^ ^ — 1  1  A  1  [A  1  . . . ? 

^  \  \  \  I  I  I  M  I  ^  ^  ^  ^  I  ^  I  1^  M  I  I  ^  ^  I  I  M  I 

1  10  time(h)  100  1000 


S71  NDMA  Mineralization 
5  g  anoxic  Puchack  D1  272'  depth  sed. 
(2.5%  NOM,  reduced  clay) 

2.5  mg/L  NDMA 


C02 


10  time  (h)  100 


1000 


NDMA  Mineralization  vs 


oxic  Ft  Lewis 
— anoxic  Ft  Lewis,  WA 
anoxic  Puchack,  NJ 


time(h)'^^® 


1000 


C/Co  C/Co  C/Co  C/Co 


1  0 

- 

S76  NDMA  Mineralization 

0.8i 

oxic  Ft  Lewis  sediment  ^ 

0.6^ 

2.5  mg/L  NDMA 

- 

244  h  half-life  / 

0.4- 

/  C02 

o.iA 

A  S76 

0.0^ 

- r-T-rTTriM . . — . — ^ 

fr-  ^  ^  . I  ^  ^  .  '  ^  . I 

1  10  time(h)  100  1000 


1.0  _ 

- 

S77  NDMA  Mineralization 

0.8i 

oxic  Ft  Lewis  sediment  ^ 

0.6^ 

25  ppt  NDMA  // 

- 

259  h  half-life 

0.4- 

aT  C02 

o.iA 

A  S77 

0.0^ 

- r— TTTTTT  r~T~~^  . . . . J 

^r—  ^  ^  . I  ^  ^  .  '  ^  . I 

1  10  time(h)  100  1000 


1  10  time(h)  100  1000 


l.Oy 

0.8^ 

0.6i 

0.4^ 

O.lA 

0.0^ 

1 


NDMA  Oxic  Mineralization  vs  Cone. 


^ - rM-i \  m  \  F\ 

10  time  (h)  100 


1000 


100 


■£  80 

o 

X 

o 


c 

o 


(0 

.y 

o 

c 

E 

< 


60- 


40- 


20- 


- □ 

□" 

g  oxic  Ft  Lewis,  Wa 

A  red.  Ft  Lewis,  Wa 

k.  anoxic  Ft  Lewis,  Wa 
ffl  natural  Puchack,  NJ 
^  oxic  isolates 

^  oxic  Rocky  Flats,  Co 

^  oxic  Aerojet,  Ca  ,  Co 

4  red.  Aerojet,  Ca  ■ 

B  coupled  red.,  oxic 


0- 


-  A" 

ng/L 


‘"■--A 

mg/L  A  + 


10 


,-6 


10“ 


10 


,-4 


10“ 


10 


,-2 


10 


-1 


■T™r 

10' 


0 


T 

10 


NDMA  (mg/L) 


10^ 


NDMA  mineralization  rate  (1/h)  NDMA  min.  rate  (mol/h) 


10'^ 

10-*^ 

IQ-IO 

10'" 

10-12 
lO'i^ 

10-14 
10-1' 

10-1^ 

10-^  10-'  10-1  ^q-3  jq-2  ^q-1  jqO  jqI  jq2 

NDMA  cone.  (mg/L) 


10-^  10'  10-1  JQ-3  JQ-2  jq-1  jqO  jqI  jq2 

NDMA  (mg/L) 


mineralization  half-life  (h)  mineralization  half-life  (h) 


10' 


NDMA  Mineralization  Rate  and  Extent 


10' 


10' 


10^ 


♦ 

♦ 

A 

A 

o 


red.  Ft  Lewis,  Wa 
oxic  Ft  Lewis,  Wa 
oxic  Rocky  Flats,  Co 
red.  Rocky  Flats,  Co 
oxic  isolates 
oxic  Aerojet,  Ca 
red.  Aerojet,  Ca 
anoxic  Aerojet,  Ca 
red.  then  oxic  Aero. 
Puchack  nat.  sed. 


faster, 
more  C02 


n  ^  r 


n  ^  r 


n  ^  r 


0 


20 


40 


60 


80 


100 


mineralization  extent  (%) 


C/Co  C/Co  C/Co 


0.4 
0.3 
0.2 
0.1 
0.0 

1  10  time  (h)  100  1000 


0.5- 


Monooxygenase  and  NDMA  mineralization 

no  additions  Aerojet  sediment^ 

methane  PP*’  NDMj 

oxic 


propane 

toluene 

acetylene 


f\  I  I  I  r| 

10  time  (h)  100 


1  I  I  I  I  I  I  I  I 

1000 


0.3 


0.2- 


0.1 


Monooxygenase  and  NDMA  mineraiization 

^^no  additions  sediment 

▼^methane  PP^  NDMA 

anaerobic 


-^propane 
^♦—toluene 
^^acetylene 

S96-S100 

I  I  I  I  I  I  I  I  - - ^ ^ — I  mr  I  I  I  I  'l 

10  time  (h)  100 


I  I  I  I  I 

1000 


0.0^ 

1 


C/Co  C/Co  C/Co  C/Co 


1.00 

0.80 

0.60 

0.40 

0.20 

0.00- 

1.00 

0.80- 

0.60- 

0.40- 

0.20- 

0.00. 


C02 


S116  NDMA  oxic  Min.  wA^east;  1632  h  pres 

— A— no  additions 
— ▼— 1  mL  X  1  ppm  yeast 
■  1  mL  X  10  ppm  yeast 

mL  X  100  ppm  yeast 
oxic  Aerojet  sed. 

250  ppb  NDMA  (±  0.2%) 

1632  h  prestimulation 


10  time(h)  100 


1000 


S120  NDMA  oxic  Min.  w/Humic;  1632  h  pre$t 

_ ^ _ no  additions 

— ^ — 10  uL  Aldrich  Humic  acid 
— ■ — 100  uL  Aldrich  Humic  acid 
— 4 — 1000  uL  Aldrich  Humic  acid 
oxic  Aerojet  sed. 

250  ppb  NDMA  (±  0.2%) 

1632  h  prestimulation 


C02 


10  time  (h)  100 


1000 


SI 23  NDMA  oxic  Min.  w/propane  +  prest. 

_ no  additions 

— 0.04  mol  propane/mol  02 
-■—0.40 
-3.8 

oxic  Aerojet  sed. 

250  ppb  NDMA  (±  0. 

1632  h 


0.6 

0.5 

0.4- 

0.3- 

0.2- 


time  (h) 


NDMA  Mineralization  vs  Sedi 


-♦—oxic  Ft  Lewis 
— anoxic  Ft  Lewis,  WA 
anoxic  Puchack,  NJ 


1000 


C/Co  C/Co  C/Co 


1.0- 

0.8- 

0.6- 

0.4- 

0.2- 

0.0 


S216  NDMA  Min.,  Oxic  w/Yeast 

250  ppb  NDMA  (±  0.2%) 

1600  h  pre.,  oxic  1000  h,  then  more  nutr. 


216  1g  oxic  lOOOh  ->  +  1g  oxic  sed 

217  1g  ox.  +yeast  100(^1  ->J  g  secLox. 
216  1g  red.  +yeast  lOOOh  ->  1  g  sed, 


219  lg  red.  +yeast  lOOOh  ->  more  02  only 

I  I  I  I  I  rn  I  I  I  I  I  I  I  n  I  I  I  r 


10  time  (h)  100 


C02 


T-TTl 

1000 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time  (h)  100  1000 


S220  NDMA  Min.,  Oxic  w/Humic  Acid 

-  250  ppb  NDMA  (±  0.2%) 

1600  h  pre.,  oxic  1000  h,  then  more  nutr.  C02 


216  1g  oxic  lOOOh  ->  +^1g  cyic  sed^ - 4 — 

220  1g  ox.  +Humic  lOOOh  ->  1  g  sed,  ox. 

221  lg  red.  +Humic  lOOOh  ->  1  g  sed,  ox. 

222  ig  red.  +Humic  lOOOh  ->  more  02  only 


n — ^ — I  I  I  I 


T 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time  (h)  100  1000 


S223  NDMA  Min.,  Oxic  w/Propane 

250  ppb  NDMA  (±  0.2%) 

1600  h  pre.,  oxic  1000  h,  then  more  nutr. 


C02 


216  lg  oxic  lOOOh  ->  +  lg  oxic  sed 

223  lg  ox.  +propane  lOOOh  ->  1  g  sed,  ox.,  prop. 

224  lg  red.  +propane  lOOOh  ->  1  g  sed,  ox.,  prop. 

225  lq  red.  +propane  lOOOh  ->  more  02+prop. 


C/Co  C/Co  C/Co  C/Co 


Appendix  A.12  Task  2.2  NDMA  Mineralization  in  Rednced  Sediment 


0.1  1  time  (h)  10  100  1000 


0.1  1  time  (h)  10  100  1000 


0.1  1  time  (h)  10  100  1000 


C/Co  C/Co  C/Co  C/Co 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time(h)  100  1000 

1.0 
0.8 
0.6 
0.4 
0.2 
0.0 


S72  NDMA  Mineralization 
reduced  Ft  Lewis  sediment 
(R66,  di/Fe=28) 

2.5  mg/L  NDMA 


C02 


time  (h)  100 


1000 


1  10  time(h)  100  1000 


1  10  time(h)  100  1000 


1.0^ 

^  S71  NDMA  Mineralization 

J  5  g  anoxic  Puchack  D1  272'  depth  sed. 

Q  0  6^  (2.5%  NOM,  reduced  clay) 

O  ^  2.5  mg/L  NDMA 

O  0.4^  C02 


1  10  time(h)  100  1000 


C/Co  C/Co  C/Co  C/Co 


0.4 
0.3 
0.2 
0.1 
0.0 

1  10  time(h)  100  1000 


NDMA  Reduced  Mineralization  vs  Cone. 

- At- 

2.5  ppm 

Aerojet  sediment 

- ▼- 

250  ppb 

- ■— 

1.8  ppb 

- ♦- 

1 02  ppt 

- A- 

1 - - 

10.2  ppt 

0.3 

0.2 

0.1 

0.0 

1  10  time(h)  100  1000 


Monooxygenase  and  NDMA  mineralization 

^*-no  additions 


methane 

propane 

toluene 

acetylene 


250  ppb  NDMA 
anaerobic 


0.1 


Influence  of  Trace  Nutrient  Addition 


reduced  Ft  Lewis  sediment 


C/Co  C/Co  C/Co 


1.0^ 

0.8^ 

0.6^ 

0.4^ 

0.2^ 

O.O^t 


S79  NDMA  Mineralization 
reduced  Ft  Lewis  sediment 
(R66,  Di/Fe=28) 

2.5  ppb  NDMA 
3667  h  half-life 

A  S79 


1 


10  time  (h)  100 


1.0 


C02 


1000 


0.8^ 
0.6^ 
0.4 
0.2^ 
0.0 


S80  NDMA  Mineralization 
reduced  Ft  Lewis  sediment 
(R66,  Di/Fe=28) 

25  ppt  NDMA 
4517  h  half-life 

S80 


1 


n — I  I  I  I  I  ^  I  w — ^ 

10  time  (h)  100 


C02 


1 — I  I  I  I  I - r 

1000 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time  (h)  100  1000 


S81  NDMA  Mineralization 

reduced  Ft  Lewis  sediment 

(R66,  Di/Fe=28) 

2.5  ppt  NDMA 

4861  h  half-life 

C02 

A  S81 

1 _  A 

C/Co  C/Co  C/C 


0.20 
0.15 
0.10 
0.05 
0.00 

1  10  time(h)  100  1000 


Monooxygenase  and  NDMA  mineralization 

— ^ 

no  additions 

Aerojet  sediment  a 

-methane 

250  ppb  NDMA 

- ■— 

propane 

Fe-reducing 

— ♦- 

— A- 

— ▼- 

toluene 
acetylene 
no  additions 

C02 

0.20 
0.15 
0.10 
0.05 
0.00 

1  10  time  (h)  100  1000 


Monooxygenase  and  NDMA  mineralization 

— ^no  additions 

Aerojet  sediment  > 

— ▼-yeast  extract 

250  ppb  NDMA 

— B-humic  acid 

Fe-reducing 

— ♦-TCE 

C02 

0.6- 


Influence  of  Zero  Valent  Iron  Additipn  ^  ^ 

anaerobic  Ft  Lewis  sediment 

2.5  mg/L  NDMA 

/  anoxic  sed. 

anoxic  sed.  A 

/  +ZVi 

haif-iife611  h  v/ 

haif-iife 

— - -  -  V  V  ^ — ▼ 

9100  h 

0.3 


0.0. 


10  time  (h)  100 


1000 


C/Co  C/Co  C/Co 


0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 

1  10  time(h)  100  1000 


NDMA  Mineralization  Rate  vs  Eh 


250  ppb,  Aerojet  sediment 


C/Co  C/Co  C/Co 


NDMA  Mineralization  Rate  vs  Eh 

6.1  ppt,  Aerojet  sediment 

— oxic 
— reduced 


0.0^ 


n  ^  I  I  r| 

time(h)  100 


1000 


0.07 

0.06- 

0.05- 

0.04- 

0.03- 

0.02- 

0.01- 

0.00^ 

1 


SI 09  NDMA  red.  Min.  w/Yeast;  1632  h  prest 

— A— no  additions 
— ▼— 1  mL  X  1  ppm  yeast 
■  1  mL  X  10  ppm  yeast 

♦“I  mL  X  100  ppm  yeast 
red.  Aerojet  sed.  (X91) 

250  ppb  NDMA  (±  0.2%) 

1632  h  prestimulation 


time  (h) 


1000 


0.07-S1 13  NDMA  red.  Min.  w/Humic;  1632  h  prest 


0.06- 
0.05- 
0.04 
0.03 
0.02^ 
0.01 
0.00^ 
1 


no  additions 
— ▼ — 10  uL  Aldrich  Humic  acid 
— ■ — 100  uL  Aldrich  Humic  acid 
♦  1000  uL  Aldrich  Humic  acid 

red.  Aerojet  sed.  (X91) 

250  ppb  NDMA  (±  0.2%) 

1632  h  prestimulation 


time  (h) 


1000 


NDMA  (mg/L)  NDMA  (mg/L)  NDMA  (mg/L) 


1.5  10'^ 
1.0  10'^- 
5.0  10'^- 
0.0 

1.5  10‘ 


JO  pi: 

starT 


S129  10  ppt  NDMA  deg.  in  red.  sed. 

ppt  „  Total  Mass 


Aqueous  (total) 


n  I  I  ^  ^  ^  r 


NDMA  (all  <  3  ppt) 

A - 


n  ^  ^  r 


C02 


10 


100  time(h) 


1000 


1.0  10'^- 
5.0  10'^^ 
0.0 


SI 30  lOOppt  NDMA  deg.  in  red.  sed. 

00  ppt  Total  Mass 


iOO  i: 

"^art 


Aqueous  (total) 


NDMA  (all  <  3  ppt)  C02 

A  '  ‘A.i  I  I  ^ 


^  ■  I  I  I  I  I  I  1^  ^  ^  ^  I*"  1-^^ 

10  100  time(h)  1000 


10 


100  time(h) 


1000 


o 

o 


NDMA  Reduced  Mineralization  vs  Co 


—  2.5  ppm 

—  2.5  ppb 
-■ —  25  ppt 

—  2.5  ppt 
25  ppm 


n  ^  ^  ^  ^  I  I  I  I  I  —  I  ^  ^  ^  I  I  I  I 

10  time(h)  100 


1  ^  ^  ^  I  I  I  I  I 

1000 


^^7  Microbial  Biomass  during  250  ppb  NDMA  Degradation 


TO 

(A 

(0 

<0 

E 

o 


10' 


oxic  system 


X169,  X170 


reducing  ^ 

sed. /water  system 


0 


^  ^  ^  ^  ^  ^  ^  ^  r 

500  1 000 

time  (h) 


'  ^  ^ 

1500 


2000 


C/Co  C/Co  ^  C/Co 


1 


10  time  (h)  100 


0.00^ 


^3  no  additions 
-▼ — yeast  extract 
-■ — humic  acid 
-TCE 
^ZVI 


n  ^  ^  I  I  I  I  I  ^  ^  I  I  I  I  I 

10  time  (h)  100 


1  ^  ^  ^  ^ 


33 — no  additions 

propane 
toluene 
— acetylene 
no  additions 


n  ^  ^  I  I  I  I  I  ^  ^  ^  ^  I  I  I  I  I  ^  ^  ^  ^  ^ 

10  time  (h)  100 


1 


C/Co  C/Co  C/Co 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time(h)  100  1000 


XI 65  Reduced  Aerojet  sediment+  Gluteraldehyde 

mineralization  rate:  1.9E-4/h  half-life  3617  h 
extent  17%  by  1100  h 
comparison:  reduced/no  glut.  =  16% 

•  mineralization  appears  to  NOT  be  biotic  in  red.  system 

C02 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time(h)  100  1000 


X166  Natural  Puchack  clay  (273')  +  Gluteraldehyde 

mineralization  rate:  3.2E-4/h  half-life  2136  h 
extent  18%  by  1100  h 

•  mineralization  appears  to  NOT  be  biotic  in  red.  system 

C02 


'  T  ~  T  ~  r  T  v 


1.0^ 
0.8 
0.6- 
0.4- 
0.2- 


X167  Reduced  Aerojet  sed.  +  30  mM  N03 

mineralization  rate:  1.2E-4/h  half-life  5777  h 
extent  7.0%  by  1 100  h 

•  mineralization  NOT  be  enhanced  by  N03  e  acceptor 
(decreases) 


C02 


■I'l  ^  ^  I  I  I  I 

10  time(h)  100 


n  ^  ^  r 


1000 


0.0-^ 

1 


C/Co  C/Co  C/Co 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time  (h)  100  1000 


X168  Reduced  Aerojet  sed.  + 

30  mM  N03+  100  mM  glucose 

mineralization  rate:  1.6E-4/h,  half-life  4480  h 
extent  8.0%  by  1100  h 

•  mineralization  decreased  with  glucose  addition 

C02 


r  ■  T  ■  T  T  1  'I 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time  (h)  100  1000 


X170  Natural  Puchack  Reduced  Clay  (273') 
with  Organic  Matter  (2.5%)  removed 

mineralization  rate:  3.3E-4/h  half-life  2100  h 
extent  1 1  %  by  1 1 00  h 

•  NOM  (and/or  pH  change)  decreased  mineralization  by  half 

C02 

-  ■  ■  ■ 

I  I  ^  I  I  r  1  ‘I  "I  rH" "  i  ‘  1  ®i'  III  I  ^  ^  I  I  I  I  I 


1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

1  10  time  (h)  100  1000 


X171  Natural  Puchack  Reduced  Clay  (273') 
Organic  Matter  (no  clay) 


mineralization  rate:  1 .6E-4/h,  half-life  4228  h 
extent  8.1%  by  1 1 00  h 
•  NOM  slowly  mineralizing  NDMA 
(slower  than  clay) 


C02 


biomass  (cells/g)  C/Co  C/Co 


Appendix  A.13  Task  3  Sequential  Reduced,  Oxic  Sediment  Mineralization  (Batch) 


0.12- 

0.10- 

0.08- 

0.06: 

0.04- 

0.02- 

0.00- 

0.12 

0.10- 

0.08- 

0.06- 

0.04- 

0.02- 

0.00- 


S209-12  NDMA  Min.,  Red.,  ->  Oxic,  w/Yeast 

250  ppb  NDMA  (±  0.2%) 

1600  h  pre.,  sequential  red.,  then  oxic 


-  zui)  ig  red.  lOOOh  ->  1  gs^,  ox. 

210  Ig  red.  +yeast  lOOOh  ->  1  g  sed,  ox. 

— ■ —  211  lg  red.  +yeast  lOOOh  ->  dump  sed,  Ig  sed,  ox. 
— ♦ —  212  ig  red.  +yeast  lOOOh  ->  oxidize  only 

- ^ ^ ^ ^ — I  I  I  I  I - ^ ^ ^ ^ — I  I  I  I  I - ^ ^ ^ ^ — I  I  I  I  I - 

10  time(h)  100  1000 

S213  NDMA  Min.,  Red.,  ->  Oxic,  w/Hi 

250  ppb  NDMA  (±  0.2%) 

1600  h  pre.,  sequential  red.,  then  oxic 


2G&-4q-red7A000tv^>T^  sed,  ox. 

213  Ig  red.  +Humic  lOOOh  ->  1  g  sed,  ox. 

214  Ig  red.  +Humic  lOOOh  ->  dump  sed,  Ig  sed,  ox. 

215  ig  red.  +Humic  lOOOh  ->  oxidize  only 


10  time  (h)  100 


1000 


7  Microbiai  Biomass  during  250  ppb  NDMA  Degradation 


1.  « 

. 

oxic  system 

- 

- 

reducing  ^ 

1  1  1  1  p 

^  ^  ^  ^ 

sed. /water  system 

^  1  1  1  1  1  1  1  1 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

0  500  1000  1500  2000 

time  (h) 


NDMA  (mg/L)  NDMA  (mg/L) 


1.5  10" 


1.0  10- 


5.0  10'^^ 


0.0 

1.5  10"^ 

1.0  lO  '^ 

5.0  10'^ 

0.0- 

0.05 
0.04 
E  0.03 
<  0.02 
i  O.OH 
0.00 


S129  10  ppt  NDMA  deg.  in  red.  sed. 

0  ppt  _  Total  Mass 


^0  PP 

start 


Aqueous  (total) 

NDMA  (all  <3  ppt) 


C02 


10 


100  time(h) 


S229  Oxidation 
after  Reduction 


C02 


12.8% 


1000 


10 


100  1000 

time  (h) 


10^ 


SI 30  lOOppt  NDMA  deg.  in  red.  sed. 

S230  Oxidation 

too  ppt  „  Total  Mass  „ 

after  Reduction 

^art 

Aqueous  (total)  \\ 

NDMA  (all  <  3  ppt)  C02 

C02 

^ . ^  1  1  i^i  a  Tj 

■  ■  ■  ml 

10 


100  time(h) 


1000 


10 


-I 


SI 31  36  ppb  NDMA  deg.  in  red.  sed. 

6  ppb 

art  _  Total  Mass 


10 
3.0 
2.5^ 


100  time  (h) 


100  1000  10^ 

time  (h) 

S231  Oxidation 
after  Reduction 


C02 


9.0% 


O)  2.0- 

S  1.0 

o 

Z  0.5^ 
0.0- 


SI  32  2^  ppm  NDMA  deg.  in  red.  sed. 

^  Total  Mass 

Aqueous  (total) 


10 


100  time  (h) 


I  1 1 1 1| - ^ — I  I  I  1 1  ii| - 

100  1000 

time  (h) 


10^ 


S232  Oxidation 
after  Reduction 


C02 


5.6% 


100  1000 

time  (h) 


10^ 


1  10  time  (h)  100  1000 


1  10  time  (h)  100  1000 


time  (h) 


C/Co  C/Co  C/Co 


Appendix  A.14  Task  4  Sequential  Reduced/Oxic  Sediment  Mineralization  (1-D 
Columns) 


0 


0.8 


1.6 


2.4  pore  vol  4 


4.8 


5.6 


1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 


X160  Sequential  Reduced/Oxic  NDMA  in  1-D  Columns 
Reduced  column:  8.9  h/pv,  Oxic  column:  60.1  h/pv 

aqueous  14C  ^ 


M- 

NDMA 


C02 


NDMA  removal:  10.3  h  half-life 
mineralization:  2320  h  half-life 


150  time(h)  250  300 


0 


0.4 


0.6 


pore  vol  ^ 


1 — I — I — I — I — I — I — r 

350  400 

1.2  1 .4 


XI 61  Sequential  Reduced/Oxic  NDMA  in  1-D  Columns 

Reduced  column:  9.0  h/pv,  Oxic  column:  266  h/pv 

NDMA  removal:  5.4  h  half-life 

aqueous  14C,0 

mineralization:  4700  h  half-life 

-■--G, 

, ' '  A-  - . 

-A, 

NDMA 

C02 

' ' '  A  -  -  V;; 

♦  ^ 

0 


50 

0.5 


150  time(h)  250  300  350  400 


1.0 

0.8- 

0.6- 

0.4- 

0.2 

0.0- 


1 .5  pore  vol  2.5 

J _ ^ _ L 


3.5 


XI 62  Sequential  Reduced/Oxic  NDMA  in  1-D  Columns 
Reduced  column:  8.1  h/pv,  Oxic  column:  104  h/pv 


50  100 


aqueous  14C 

NDMA 

NDMA  removal:  7.0  h  half-life 
QQ2  mineralization:  3800  h  half-life 

"^1  I  I  I  1“^ 


M 


M 


^  I  I  I  T  I  I  I  r 

150  time  (h)  250 


I  '  ' 

300 


n  I  I  I  I  r 

350  400 


C/Co  C/Co 


0 


0  10  20  porevol  40  50 


0  50  100  150  time(h)  250  300  350  400 


C/Co  C/Co 


10 


1.0^ 
0.8 
0.6 
0.4- 
0.2- 
0.0 

0 


7.5 

J _ I _ L 


8 


pore  vol 


J _ ^ ^ _ L 


9 

J _ ^ _ L 


9.5 


J _ ^ ^ _ L 


X183  NDMA  Mineralization  in  an  Oxic  1-D  Column 

Reduced  column:  none,  Oxic  column:  219  h/pv 
aqueous  14C  ^ 

NDMA  ndMA  removal:  299h  half-life 
mineralization:  1760  h  half-life 


C02^--p,eadspape  carbon 

n — ^ ^ ^ — ■  1  ■  ■  r  r  \r~ '  r '  “i  r  ' 


100 


200  time(h)  400 


n - ^ ^ ^ ^ - r 


500 


600 


1.0 
0.8^ 
0.6- 
0.4 
0.2 
0.0 


XI 84  NDMA  Mineralization  in  a  Reduced  1-D  Column 
Reduced  column:  27.6  h/pv,  Oxic  column:  none 

ul . . . ® . . . . 


NDMA  removal:  36.8h  half-life 
mineralization:  1540  h  half-life 


C02 


headspa^  carborP^ 


100 


200  time  (h)  400 


500 


600 


C/Co  C/Co  C/Co 


5.76  5.84  5.92  6  pore  vol  6.16  6.24  6.32  6.4 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

X192  Sequential  Reduced/Oxic  NDMA  in  1-D  Columns 
0.8-  Reduced  column:  95  h/pv,  Oxic  column:  1230  h/pv 

0-6-  aaueous  14C  NDMA  removal:  18.9  h  half-life 


0  200  400  time  (h)  600  800 


C/Co  C/Co 


10.4  10.5  porevol  10.7  10.8  10.9 

1.0 
0.8 
0.6 
0.4 
0.2 
0.0 


0  200  400  time  (h)  600  800 


X193  NDMA  Mineralization  in  an  Oxic  1-D  Column 
Reduced  column:  none,  Oxic  column:  1626  h/pv 

NDMA  removal:  478  h  half-life 
_  mineralization:  4400  h  half-life 


aqueous  14C  _ 

^0 - O 

C02 

ave'.  2.3ppb  f 
200 


^  heafJsp^c^arl^on , 
400  time  (h)  600 


X1 60-1 94  Sequential  Reduced/Oxic  System 
NDMA  Mineralization  in  1-D  Sediment  Columns 


NDMA  ▼ — ^ 

mineralization  ^ 

.  res.  time 
res.  time 
d.  time  constant) 
5d.  time  constant) 
;.  time  constant) 

.  time  constant) 

o 
o 

o 


1  10  100  1000  10 

residence  time  in  1-D  column  (h) 


NDMA  deg.;  all  data,  total  red.+  ox 
NDMA  min.;  all  data,  total  red.+  ox. 
NDMA  deg.;  vary  oxidation  time  (re 
NDMA  mine.;  vary  oxidation  time  (r 
NDMA  deg.;  vary  reduction  time  (o: 
NDMA  min.;  vary  reduction  time  (o; 


